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ABSTRACT
PREPARATION AND SURFACE STUDIES OF NEGATIVE ELECTRON 
AFFINITY SEMICONDUCTORS PHOTOCATHODES 
Khaled A. Elamrawi 
Old Dominion University, 1999 
Director: Dr. Hani Elsayed-Ali
Fabrication of high quantum efficiency, long lifetime negative electron affinity 
photocathodes is important for applications such as photomultipliers, image intensffiers, 
electron beam lithography, electron microscopy, and polarized electron sources. The 
surface cleanliness o f the II3-V semiconductor photocathode is crucial in obtaining high 
photosensitivity.
GaAs(lOO) and InP(lOO) photocathodes are prepared by atomic hydrogen cleaning. The 
cleaning effect on the photocathode performance is discussed. The surface degradation 
mechanisms which reduce the photocathode lifetime are presented. The photocathode 
surface cleanliness, structure, and morphology are studied using reflection high-energy 
electron diffraction (RHEED).
Quantum efficiencies o f —14 % and 8 % are obtained for GaAs and InP, respectively, in 
response to 632.8 nm light after atomic hydrogen cleaning. Longer photoemission time 
is obtained under low accelerating voltage, low light and photocurrent intensities, and 
continuous cesiation. RHEED patterns after atomic hydrogen cleaning show 
reconstructed, group V terminated surfaces suitable for negative electron affinity 
activation. The out-of-phase diffraction patterns after atomic hydrogen cleaning or 
reviving have higher intensities than those obtained after heat cleaning, indicating that the 
surfaces have less defects and contaminants.
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The development o f negative electron affinity (NEA) semiconductor photocathodes 
represents an important progress in photocathode technology.1'3 The most widely used 
semiconductor photocathodes are based on III-V compounds. In positive electron 
affinity semiconductor surfaces, the vacuum level lies above the bulk conduction band 
minimum, and electrons excited from the valence band to the conduction band minimum 
cannot escape from the crystal surface. In NEA semiconductor surfaces, the vacuum 
level is lowered below the bulk conduction band minimum, and electrons excited to the 
conduction band minimum are emitted from the surface. The escape depth in this case is 
not limited by the mean free path of the hot electrons, which is on the order o f 10 nm, but 
by the diffusion length o f the electrons thermalised to the conduction band minimum, 
which is in the order o f  several micrometers.4 NEA photocathodes produce high quantum 
efficiency (QE), defined as the number o f emitted electrons per incident photon, because 
of the lower vacuum level and the larger electron escape depth. NEA surfaces are 
typically prepared by first cleaning the semiconductor surface chemically before loading 
it in uhrahigh vacuum (UHV). Then the sample is heat cleaned in UHV to remove the 
surface contaminants After the sample is cooled down to  room temperature, activation 
to NEA is typically performed by the coadsorption of cesium and oxygen (or NF3) on the 
sample surface. The lifetime o f the photocathode depends on the light intensity,
The journal model of Journal of Applied Physics was used.
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photoemitted current, accelerating voltage o f the emitted electrons, and vacuum 
conditions. Longer photocathode lifetime is obtained under low level continuous 
cesiation.5,6 The performance o f  the photocathode is significantly affected by the 
pressure in the UHV chamber, and a base pressure in the 10'10 Torr is required for long 
lifetime operation. After the QE drops to low values, the surface can be revived by 
further cesium deposition or by heat cleaning and reactivating with cesium and oxygen. 
In addition to the high QE of NEA photocathodes, the photoemission threshold can be 
tuned by changing the bandgap o f  the semiconductor. NEA photocathodes have other 
advantages including: room temperature operation, low energy spread, small angular 
spread, and limited shot noise emission. They are widely used in imaging tubes such as 
image intensifiers, streak cameras and photomultipliers. NEA photocathodes are finding 
a new application as a tool for high throughput electron-beam lithography.7 Isolated 
multilayer structures are integrated onto NEA cathodes, while protecting the emission 
areas throughout the fabrication processes. An important requirement for this application 
is the collimation o f the emitted beam which is strongly affected by the smoothness o f 
the surface. For a rough surface, electrons are emitted within a cone around the local 
surface normal. Thus, rough surfaces emit electrons with larger angular spread than a 
perfectly flat surface.7 The low energy and low angular spread hi addition to the high 
brightness ofN EA  photocathodes make them attractive for electron microscopy.
NEA m -V  semiconductor photocathodes produce spin polarized electrons when 
optically pumped by circularly polarized light. These electron sources are used in 
atomic, surface, and high-energy physics. The maximum polarization value for crystals 
with cubic symmetry such as bulk GaAs is 50 %, while typical experimental values at
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room temperature are about 20-30 %.8 Spin polarization above 80 % was reported in 
electrons photoemitted from strained semiconductors.8 Strained GaAs epitaxially grown 
on a GaAsP(lOO) buffer produces spin polarization above 50 %. The difficulty in 
preparing these strained layers photocathodes, prior to activation to NEA, is their 
sensitivity to chemical and heat cleaning. The chemical cleaning process can etch the 
thin strained layer, in addition the high temperature cleaning causes strain relief by 
formation o f dislocations and defects leading to decreased value o f polarization.9 
An atomically clean crystal surface is required to obtain a high quantum efficiency (QE) 
photocathode. Contaminants usually observed on semiconductors surfaces such 
as: chlorine, sulfur, and oxygen are removed during heat cleaning. However, carbon, 
which is a  predominant contaminant, persists at high temperatures. It has been shown 
that the photocurrent response decreases with the increase o f  the carbon concentration on 
the surface.10 It is assumed that the effect o f carbon contamination is to form an 
interfacial barrier of GaAs-C-Cs20 that does not allow the low energy electrons to escape 
into vacuum, thus, increasing the surface trapping coefficient This barrier decreases the 
photoemission sensitivity and produces low QE photocathodes. One monolayer of 
carbon is sufficient to reduce the photoemission to zero.
The chemical cleaning is a time consuming process and does not provide a carbon free 
surface in addition to the possibility o f etching the thin strained layer.9,11 Heat cleaning 
o f GaAs is carried out at 600-700 °C, a temperature very close to GaAs congruent 
temperature. If  the GaAs surface temperature is below the congruent temperature, 
gallium and arsenic evaporate in equal proportions and the GaAs surface is arsenic 
stabilized. I f  the GaAs surface is heated above the congruent temperature, arsenic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
evaporates preferentially, and a gallium stabilized surface is obtained which cannot be 
activated to NEA condition. Since the cleaning temperature is very close to the 
congruent temperature, measured as 657-663°C for GaAs(100), care must be taken to 
obtain an atomically clean surface and preserve the arsenic stabilized surface necessary 
for NEA activatioa For InP, the cleaning temperature is 530 °C, while the congruent 
temperature is -400 °C.12,13 hi addition, the heat cleaning process near the congruent 
temperature results in a rough crystal surface which affects the collimation o f the emitted 
beam, increases the angular spread o f the emitted electrons, and limits the application of 
NEA photocathodes in microelectronics applications.
In this work, we attempt to overcome some of the problems which affect the performance 
o f negative electron affinity (NEA) photocathodes and limit their applications. The first 
goal o f the work is to develop a low temperature cleaning process which eliminates the 
conventional cleaning problems such as the chemical and high temperature cleaning. 
The second goal is to study the surface degradation mechanisms, and the drop in the 
photocathode current with time, and to study the factors which enhance the photocathode 
lifetime. The third goal is to develop a  basic understanding o f the semiconductor surface 
morphology using quantitative reflection high-energy electron diffraction (RHEED), and 
to correlate the surface conditions with the photocathode performance. The fourth goal is 
to develop a thin film growth technique, which could be possibly used for fabricating thin 
film photocathodes, such as transmission type photocathodes or strained layer 
photocathodes. The thesis is organized as follows. In chapter two, an overview of the 
NEA physics, and the applications o f  NEA photocathodes is presented. Chapter three 
discusses the basic fundamentals o f RHEED, and includes diffraction patterns for
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GaAs(100), and InP(lOO). These patterns provide information on surface cleanliness and 
roughness. In chapter four, two atomic hydrogen sources for low temperature cleaning 
o f GaAs and InP surfaces are presented. The first source is a thermal cracking source, 
which produces atomic hydrogen by thermally dissociating the hydrogen molecules. The 
second source is a plasma source which uses a helical resonator discharge to produce 
atomic hydrogen. The effect o f atomic hydrogen on the photocathode performance is 
studied and correlated to the RHEED results. The factors which affect the photocathode 
lifetime including the base pressure, the accelerating voltage, the light and photocurrent 
intensities are also studied, hi chapter five, RHEED is used to study the morphology of 
GaAs(100) surface after atomic hydrogen cleaning. RHEED patterns are used to 
calculate the surface terrace width, and string length o f the GaAs vicinal surface. The 
out-of-phase diffraction patterns which are the most sensitive to surface defects in the 
form o f roughness or contaminants are used to correlate the GaAs(100) surface 
morphology to the quantum efficiency o f the NEA photocathode. In chapter six, an 
excimer laser is used for the thin film growth o f InP over sapphire and GaAs(100) 
substrates. The deposited films are characterized using RHEED, photoluminescence, and 
SEM. In addition, six appendices are included that describe the experimental setups 
including: (A) cesium source, (B) hydrogen cracker source, (C) Excimer laser operation, 
(D) RHEED image analysis system, (E) General notes, and (F) List o f vendors.
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CHAPTER 2 
THEORY AND APPLICATIONS OF NEGATIVE ELECTRON 
AFFINITY PHOTOCATHODES 
2.1. Introduction
The photoemission o f electrons from a semiconductor is a  three-step process: First 
the incident photon is absorbed and forms an electron-hole pair, the electron is then 
transported to surface, then it escapes into vacuum. The process is shown in Fig. 1. 
It is usually desired to maximize the quantum efficiency, defined as the number of 
emitted electrons per incident photon.14
2.2. Conditions for efficient photoemission
For efficient photoemission, the optical absorption coefficient should be high. 
Figure 2 shows the optical absorption spectra for direct ( GaAs, InP, CdTe ) and 
indirect-gap ( Si, GaP ) p-type semiconductors at room temperature.15 Direct 
bandgap semiconductors are preferred since they have large and steep optical 
absorption coefficient The photon energy should be high enough to excite the 
electrons well above the vacuum level. The electron-electron collision which occurs 
before the electrons escape into vacuum should be minimized by using a 
semiconductor rather than a metal. The photoemission is maximized by reducing the 
electron affinity %, defined as the distance between the conduction band Ec and the 
vacuum level Eo- Since the electron must gain energy equal to the energy bandgap 
and the electron affinity to escape, reducing the electron affinity helps to emit more
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Figure 1. Photoemission from a  semiconductor. A is the optical excitation from the 
valence band, B is the transport o f the electron to the surface, C is the energy losing 
collision with electrons in the conduction band, and D is the escape o f the electron into 
vacuum.
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Figure 2. Optical absorption coefficient o f p-type semiconductors. 
[After Ref. 14. R. L. Bell, Clarendon Press, Oxford, (1973)]
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electrons from die surface. The work function defined as the energy difference 
between die Fermi level Ef and the vacuum level, should be maximized to reduce the 
number o f electrons emitted by purely thermal excitation. Accordingly, p-type 
semiconductors are used for efficient photoemission.15
23. Comparison between negative electron affinity and positive 
electron affinity
Negative electron affinity (NEA) photocathodes use p-type semiconductors because 
they have die Fermi level close to die valence band which reduces die electrons 
emitted by purely thermal excitation, and have low electron affinity.4,14 For n-type 
semiconductors, the free electrons are trapped in the surface states leaving 
uncompensated positive charges o f donors. This charge separation causes a 
depletion region similar to that o f a pn junction, and leads to an upward band 
bending, as shown in Fig. 3a For p-type semiconductors, the free holes are trapped 
in the surface states leaving uncompensated negative charges o f acceptors. This 
charge separation leads to a downward band bending, as shown in Fig. 3b. Negative 
electron affinity condition is obtained by evaporating thin layers o f cesium or cesium 
oxide on the clean semiconductor surface. This treatment brings die vacuum level at 
the surface below the bulk conduction band leading to an effective negative electron 
affinity. In positive electron affinity, the excited electron should gain energy higher 
than the energy bandgap and the electron affinity to be able to escape into vacuum. 
However, in negative electron affinity, the threshold for the photon energy is the 
bandgap only.





































Figure 3. The effective electron affinity of a semiconductor increases with an upward band bending (n-type semiconductor), 
and decreases with a downward band bending (p-type semiconductor), (a) n-type. (b) p-type. Vs is the difference between 
the conduction band in the bulk and the conduction band at the surface. [After R. L. Bell, "Negative Electron Affinity 
Devices", Clarendon Press, Oxford, (1973)]
o
11
The other advantage in NEA is that the escape depth o f the electrons is several 
microns compared to only few hundred angstroms for positive electron affinity.16 
Electrons excited above the bandgap lose energy and stabilize in the conduction band 
for a certain time called the minority carrier lifetime. During that time, the electrons 
diffuse towards the surface, and the diffusion length is several microns. The energy 
band diagram o f the negative electron affinity is compared with positive electron 
affinity in Fig. 4. NEA photocathodes produce high quantum efficiency compared to 
positive electron affinity as shown in Fig. 5.4
Negative electron affinity materials are also good secondary electron emitters. Since 
they have a long escape depth due to the large electron diffusion length, the 
secondary emission ratio, defined as the number o f emitted electrons per incident 
electron, increases with increasing the energy o f the incident electrons. For 
conventional emitters, since they have short escape depth, an increase in the primary 
electron energy above 1 keV make the electrons penetrate beyond the escape depth, 
and the emission ratio does not increase. Figure 6 compares the secondary emission 
ratio for conventional (MgO) and negative electron affinity emitters (Si:Cs-0, 
GaP:Cs).4’17
2.4. NEA photocathodes materials and activating elements
P-type semiconductors are widely used as negative electron affinity (NEA) materials. 
In semiconductors, the excited electrons undergo less collisions than in metals before 
escaping into vacuum. The p-type doping reduces the electron affinity and brings
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Figure 5. Negative electron affinity photocathode, GaAs:Cs-0, has higher 
quantum efficiency in the visible and near IR regions. Reprinted with 
permission from Ref. 15 [A. H. Sommer, J. Vac. Sci. Technol. A l, 119, 
(1983)].
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Figure 6. Negative electron affinity dynodes, Si:Cs-0 and GaP:Cs, produce 
higher secondary electron emission gain than conventional photocathode, 
MgO. Reprinted with permission from Ref. 17 [D. G. Fisher, R. E. Enstrom, 
and B. F. Williams, Appl. Phys. Lett. 17,273 (1972)]

















5.4 5.6 5.8 6.0 62 6.4 6.6
Lattice constant (Angstroms)
Figure 7. Energy bandgap and lattice constants o f silicon and IH-V compounds 
photocathodes. Ternary compounds are represented by lines joining binaries with 
a common component
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the Fermi level close to the valence band which reduces the electrons excited by 
purely thermal excitation. HI-V compounds and silicon are the main materials used. 
Figure 7 shows the bandgap versus lattice constant for silicon and a number o f III-V 
binary and ternary compounds.18 All compounds have the zincblende crystal 
structure. Binary compounds are represented by points and ternary compounds are 
represented by lines joining the binaries with a common component. GaAs is the 
most widely used material, it provides a high quantum efficiency at the visible and 
near IR regions. GaAsP has a larger bandgap than GaAs and shorther wavelength, 
but is easier to activate than GaAs since it has a smaller electron affinity. InGaAs 
has a smaller bandgap than GaAs and longer wavelength, but the activation to NEA 
is more difficult since it has a larger electron affinity. To achieve the NEA 
condition, the clean semiconductor surface is activated to NEA by the co-deposition 
o f electropositive and electronegative elements, (cesium and oxygen), on the surface. 
Most faces of III-V compounds can be activated to NEA, however, only Si(100) can 
be activated.4 Other Si faces cannot be activated to negative electron affinity.
2.5. Negative electron affinity physics
2.5.1. NEA energy band diagram
There are two models which explain the energy band diagram at the interface 
between the semiconductor surface and the cesium-oxygen layer.4,14 The first model 
is the heterojunction model shown in Fig. 8a. The cesium oxide Cs-O has the 
characteristic o f n-type material CS2O and the semiconductor surface is adjusted at
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Figure 8. Energy band diagrams of III-V:Cs-0 surface, (a) Heterojunction model, (b) Double dipole model. 
Reprinted after permission from Ref. 4 [R. U. Martinelli, and D. G. Fisher, Proc. IEEE 62, 1339, (1974)]
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the interface to satisfy the equilibrium charge condition. In this case the electrons 
generated from the bulk must overcome or tunnel through the interfacial barrier at 
the surface. The second model, the double dipole is shown in Fig. 8b. In this case 
the cesium-oxygen layer thickness is ~8 A, and the electrons must overcome this 
barrier to be able to escape into vacuum.
2.5.2. Surface escape probability
Band bending occurs at the surface o f a  semiconductor due to the presence o f surface 
states.4,14,18 In p-type doping, a downward band bending occurs due to the separation 
o f charges. When the surface is activated to negative electron affinity by the co­
deposition o f cesium and oxygen, further band bending occurs. This bending 
depends on the physical state o f the semiconductor surface, the crystal orientation, 
doping, and the adsorbates on the surface. The width o f the band bending region is 
given by4
d = ( 2 f  Eg s / e nA) 1/2 
where nA is the material doping, s is the dielectric constant, fEg is the fraction o f the 
band gap through which the bands are bent.
The surface escape probability is defined as the probability that an electron generated 
from the bulk reaching the band bent region escapes into vacuum. When the electron 
reaches the bent band region, it is accelerated by the electric field, and transport is no 
more by diffusion, but by the field. In this region, the energy loss mechanism is 
basically due to the electron phonon collisions.
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For GaAs(100), 1019 / cm3, Zn-doped, the fraction of the bent in the bandgap f  = 0.61 [From Ref. 4, R. Martinelli, 
and D. Fisher, Proc. IEEE 62, 1339 (1974)1
E f- Ei = KT / q In ( p / n i) = 0.026 In ( 10* /1.79 x 106) = 0.763 eV. Ef is the Fermi level, and Ei is the intrinsic Fermi level. 
Bent band region d = (2  f Ege / e nA) = 0.0112 pm.
Figure 9. The bent band region d = 0.0112 pm, for GaAs(100) Zn-doped 1019 / cm3, activated with cesium and oxygen. The 
electron energy distribution is approximately Boltzmann in the flat band region and changes in the bent band region.
vo
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Due to the electric field acceleration and the electron phonon collisions for electrons 
reaching the bent band region, the electron energy distribution is changed. In the fiat 
band region, the electron energy distribution is approximately Boltzmann 
distribution. In  the bent band region, the electron energy distribution changes as 
shown in  Fig. 9.4 Electrons with high energies escape directly into vacuum, 
electrons with less energy can tunnel through the barrier at the interface. Electrons 
with energies lower than the vacuum level, do not escape and recombine with holes. 
The value shown for the bent band region is calculated for GaAs(lOO), p-doped 
1019/cm 3.
The surface escape probability increases with higher doping as shown in Fig. 10, for 
InGaAs photocathode activated by cesium and oxygen.17 High doping decreases the 
bent band region, and large number of the electrons accelerated by the electric field 
can overcome the electron-phonon collisions and escape into vacuum. The surface 
escape probability depends also on the surface orientation, and deformation on the 
surface. High temperature and surface contaminations reduce the escape probability 
due to the increase of the surface barrier height, and width.1,4,17
2.53. Electron diffusion length
Higher photoemission is obtained with higher electron diffusion length L. L is given 
by:4,14
L =  ( D x ) 1/2 = ( p K T x / e ) 1/2 
Where |x is the electron mobility, e is the electronic charge, K is Boltzmann’s 
constant, T is the temperature and x is the electron life time. L is affected by the
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Figure 10. The surface escape probability o f InGaAs activated with cesium and 
oxygen increases with higher doping and larger bandgap energy. Reprinted after 
permission from Ref. 17 [D. G. Fisher, R. E. Enstrom, and B. F. Williams, AppL 
Phys. Lett. 17,273 (1972)]
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impurities and the crystal defects. High doping reduces the diffusion length since it 
decreases the electron mobility. L depends also on the growth method: for example, 
Liquid Phase Epitaxy produce photocathodes with 2 to 3 times diffusion length than 
that o f Vapor Phase Epitaxy. In general, a  good crystal quality is required to obtain 
high diffusion length.
2.5.4. Effect of the bandgap on the quantum efficiency and cutoff wavelength
The quantum efficiency (QE) o f the photocathode is given by:4 
QE = B ( 1 - Rev) /  ( 1 + 1 /  (ctL))
where Rev is the reflection coefficient o f the cathode vacuum interface, B is the 
surface escape probability, L is the electron diffusion length, and a  is the optical 
absorption coefficient. The QE and the cutoff wavelength depend on the energy 
bandgap. In NEA, the electron must gain energy equal to or greater than the 
bandgap energy. As a result, when the bandgap is increased, the cutoff wavelength 
decreases, and the quantum efficiency increases because the NEA condition is easily 
achieved. Figure 11 shows the spectral response for InGaAs photocathode activated 
with cesium and oxygen for different energy bandgaps and different doping 
concentrations,17 with constant B, Rev, a , and L.
2.6. Effect of surface contaminants on NEA Photocathodes
A number o f different contaminants are often observed on semiconductors surfaces; 
chlorine, sulfur, oxygen and carbon. Chlorine, sulfur, and oxygen can be removed 
by heat cleaning, but carbon cannot be effectively removed and the surface escape
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23




f x f O 19
\  \  ' A ,10
\  v *  V \5 x 10*®2 x 1 0
0.6 0.8 1.0 L2 1.4
PHOTON WAVE LENGTH, X (*im )
Figure 11. The photoemission response o f InGaAs activated with cesium and 
oxygen for different energy bandgaps and doping concentrations. Reprinted after 
permission from Ref. 17 [D. G. Fisher, R. E. Enstrom, and B. F. W illiams, Appl. 
Phys. Lett. 17,273 (1972)]







Figure 12. The photocurrent o f GaAs photocathode activated with cesium and 
oxygen decreases with the carbon contamination on the surface. Reprinted after 
permission from R ef 10 [ J. Uebbing, J. Appl. Phys. 41,802 (1970)]
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probability from NEA is strongly dependent on residual carbon contamination. 
Figure 12 shows the photoemission o f a GaAs-Cs-O photocathode as a function of 
the carbon concentration on die surface.10 It is assumed that the effect of carbon 
contamination is to increase the surface trapping coefficient, then the photoemission 
decreases with increasing carbon concentration. The explanation for this is that the 
interfacial barrier o f the system GaAs-C-Cs20 is too high to allow the low energy 
electrons from the GaAs to pass through the surface layer in the regions where 
carbon covers the surface.10
The heat cleaning temperature o f the photocathode is determined empirically for a 
particular vacuum system. Changes in sample size, cathode holder, etc, can affect 
the cleaning temperature. The proper heat cleaning temperature for GaAs is close to 
the highest congruent evaporation temperature, i.e. maximum temperature at which 
Ga and As evaporate at equal proportions, above this temperature As starts to 
evaporate preferentially. Heat cleaning does not provide a clean surface for 
photocathodes, in addition, it is difficult to determine the optimum cleaning 
temperature. For InP, the heat cleaning temperature is higher than the congruent 
temperature. Accordingly, heat cleaning causes preferential desorption of 
phosphorous leaving indium droplets at the surface. A number of cleaning 
procedures have been developed to minimize surface contamination,11 argon ion 
bombardment can remove the carbon contamination but it introduces defects which 
decrease the photoemission sensitivity. Chemical cleaning does not remove the 
carbon contamination and produces very rough surfaces which also decrease the 
photoemission sensitivity. Other preparation methods include growing an epitaxial
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layer o f GaAs ( 2.5 |im  ) then passivating the sample using an 800 A0 Sb layer. This 
passivation layer can be later removed by heating.
2.7. Types of NEA photocathodes
There are 2 basic types o f photocathodes:4,14 the first one is the reflection type where 
the light is incident on the front surface o f the photocathode, and electrons are 
emitted from  the same direction. The other type is the transmission type, where the 
light is incident on the back o f the photocathode which should be transparent to the 
light, and the electrons are emitted from the front side. Reflection photocathodes are 
used in photodiodes and photomultipliers, while transmission photocathodes are used 
for camera tube applications and photomultipliers.
2.7.1. Reflection mode
The main parameters affecting the performance of reflection photocathodes are 
reflectivity o f the cathode/ vacuum interface Rev, optical absorption coefficient 
a  ( X ) o f  the photocathode, electron diffusion length L, and the surface escape 
probability B. These parameters are related in the quantum efficiency (QE) 
equation:4
QE = B ( 1 - Rev ) a  L 
B and L are increasing and decreasing functions o f nA respectively. Accordingly, a 
maximization should be made to obtain the best performance for the photocathode.
2.7.2. Transmission mode444
The main parameters affecting the performance of transmission photocathodes are: 
reflectivity o f the vacuum /  substrate interface Rvs, optical absorption characteristics
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of the substrate, substrate /  cathode interface, surface recombination velocity S, and 
the photocathode thickness t, in addition to B, L, a  ( X ), and Rev. The cathode 
should be thick enough to absorb most o f the light but thin enough so that the excited 
electrons can reach the emitting surface before recombination, t is in the order o f 1 
or 2 pm  thick. The bandgap and the doping concentration control the surface escape 
probability B. The value o f the diffusion length, L, depends on several factors: the 
photocathode material, doping concentration, photocathode / substrate lattice match, 
and the photocathode growth method. The value o f S is affected by the photocathode 
/  substrate lattice match.
2.8. Applications of NEA photocathodes
2.8.1. Photomultipliers
A photomultiplier tube is a vacuum tube consisting o f an input window, a 
photocathode and an electron multiplier sealed in an evacuated glass tube.19 The 
light passes through the input window, excites the electrons in the photocathode so 
that photoelectrons are emitted into vacuum. The photoelectrons are then 
accelerated towards the dynodes, where they get multiplied by the secondary 
electron emission. Several dynodes are used to increase the gain o f photomultipliers. 
For stable operation o f photmultipliers, the vacuum and activation techniques should 
eliminate any chemical contamination after the device is sealed off. The lifetime of 
the photomultiplier is affected by surface degradation which occurs due to the 
surface bombardment by the positive ions when the electrons hit the dynodes. 
Photomultipliers are widely used as photodetectors in  various measuring equipment
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in fields such as chemical analysis, medical diagnosis, scientific research and 
industrial measurement
2.8.2. Electron beam lithography
Negative electron affinity photocathodes are finding a  new application as a tool for 
high throughput electron-beam lithography.20 In this application, the substrate is 
patterned with standard microelectronic proceesing techniques. The emission areas 
are protected during the fabrication process and are then activated to negative 
electron affinity An important requirement for this application is the collimation of 
the emitted beam which is strongly affected by the smoothness o f the surface. For a 
rough surface, electrons are emitted within a cone around the local surface normal. 
Thus, rough surfaces emit electrons with larger angular spread than a perfectly flat 
surface. Another requirement is to protect the multilayers during the chemical and 
heat cleaning processes required for NEA operation.
2.83. Source of polarized electrons
The spin orbit splitting o f the valence band of GaAs makes it useful for producing 
polarized electrons when activated with polarized light with a wavelength close to 
the bandgap.9 The valence band splitting o f GaAs is shown in Fig. 13.11 At the T 
point, the valence band maximum, the p band is split into a fourfold degenerate P3/2 
level and twofold degenerate pi/2 level, which is located 0.34 eV lower in energy.11 
The spin polarization is due to the transitions from the nay sublevels shown on the 
right side o f Fig. 13.u For circularly polarized light, Am,- = +1 for ct+ light
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represented by solid lines in Fig. 13, and Amj = -1 for o - light represented by dashed 
lines in the figure. The relative transition probabilities are shown in circles in the 
figure. The spin polarization is given by:11
p = ( n t-  n-i’) /  ( nT + n4^) 
where n t  and n i  are the numbers o f electrons with spins parallel and antiparallel to 
the light direction respectively. Thus for o+ light P = -50% and for <x- light 
P = 50%, for photon energies close to the bandgap energy. When electrons are 
excited from Tj band, the polarization goes to zero. Polarized electron sources are 
used in the nuclear physics research and polarized low energy electron diffraction 
(PLEED).11 They are characterized by the quantity P2!, where P is the polarization and 
I is the beam current It is desirable to increase the emitted current and the polarization. 
The emitted current is increased by increasing the incident light intensity or the 
quantum efficiency o f the photocathode. The theoretical maximum polarization value 
for crystals with cubic symmetry such as bulk GaAs is 50 %, while typical 
experimental values at room temperature are about 20-30 %. The maximum 
polarization is obtained from the transition probabilities from mj=-3/2 to mj—1/2 and 
from mj—1/2 to mj=l/2, shown in Fig. 13. Spin polarization above 80 % was reported 
in electrons photoemitted from strained semiconductors. Strained GaAs epitaxially 
grown on a GaAsP(lOO) buffer produces spin polarization above 50 %.9 The difficulty 
in preparing these strained layers photocathodes, prior to activation to NEA, is their 
sensitivity to chemical and heat cleaning. The chemical cleaning process can etch the 
thin strained layer, in addition the high temperature cleaning causes strain relief by 
formation o f dislocations and defects leading to decreased value of polarization.
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Figure 13. (a) The energy band diagram o f GaAs showing the spin orbit splitting o f the valence band, (b) The allowed 
transitions for circularly polarized light. Reprinted after permission from Ref. 11 [ D. T. Pierce, R. J. Celotta, G. C. Wang, W.




REFLECTION HIGH ENERGY ELECTRON DIFFRACTION
(RHEED) FUNDAMENTALS
3.1. Introduction
Reflection High Energy Electron Diffraction (RHEED) is a surface analysis technique 
which provides information on the surface structure, morphology, and cleanliness. As 
shown in Fig. 14, an accelerated electron beam (-10  keV) is incident with a small 
angle on the sample's surface. The electrons are reflected and form a diffraction 
pattern on a phosphor screen. RHEED has been used to study semiconductors 
surfaces during deoxidation,21 cleaning,22 and growth23 of Si,24’23 GaAs,26,27 and InP.28
3.2. RHEED analysis
3.2.1. The real and reciprocal lattice
The real lattice o f a two dimensions surface consists o f atoms arranged in a periodic 
way. GaAs(lOO) and InP(lOO) have zincblende lattice, face centered cubic. Figure 
15a shows the real lattice of a zincblende structure cut in the (100) direction. The 
atoms positions are obtained by extending the unit mesh.29 The reciprocal lattice is 
obtained using the real lattice basis vectors as follows:30
a =2jva x.nlA  3.1a1 2
a =  27m x a IA  3.1b2 I











































Figure 15a. Real lattice o f a zincblende structure cut in the (100) direction. 
The numbers denote the depth from the top layer. [After Charles KitteL, 
“Introduction to Solid State Physics”, seventh edition, John Wiley & Sons, Inc. 
New York]
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where
A —a .a y.n 3.1ct 2
n is a  unit vector normal to the surface.
A is the area o f the unit mesh.
a, s and a;* s are the basis vectors o f the real and reciprocal lattices, respectively.
For GaAs(lOO), the lattice constant is 5.63 A. The real lattice basis vectors shown in 
Fig. 15a are: 
ai = 5.63 (0,0,1) 
a2 = 2 .8 1 5 (0 ,l,l)
The unit vector normal to the surface is:
n = (1,0,0)
ai* = 2 7t a2 x n /  A
a2* = 2 7t n x ai /  A
A = a i . a2 x n
a2x n  = 2.815(0,1,-1)
ai = 5.63(0,0,1)
A = (2.815)(5.63)(-1) 
ai*= 1.116(0,-1,-1) 
a2* = 2.23 (0,1,0)
Figure 15b shows the reciprocal lattice of GaAs(100), with RHEED patterns at 
different azimuths.
For InP(100), the lattice constant is 5.8 A. The real lattice vectors shown in Fig. 15a 
are:




Figure 15b. Reciprocal lattice o f GaAs(100)-lxl showing RHEED patterns 
at different azimuths.
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ai = 5.8 (0,0,1)
32= 2 .9 (0 ,1 ,1 )
The same calculations are repeated for InP 
ai*= 1.08(0,-1,-1)
3*2 = 2.17(0,1,0)
Figure 15c shows the reciprocal lattice o f InP(lOO), with RHEED patterns at different 
azimuths.
3.2.2. The Ewald sphere and the kinematic assumptions
The wave vector k defines the direction and wavelength o f the incident electron beam 
as follows:30
k  =  2 ;z p /h 3.2
with magnitude
\k\ = l7 d X  3.3
p is the momentum o f the electrons,
h is Planck’s constant,
and X is the electron wavelength.
Electrons are incident on the surface with a k vector and scattered elastically due to 
collisions with atoms on the sample’s surface with a k’ vector, as shown in Fig. 16. 
Elastic scattering always occurs due to the low angle of incidence o f the electron 
beam.
The Ewald sphere is a graphical method used to define the directions o f the diffracted 
electrons, and accordingly the maximum intensities on the RHEED pattern. The
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ring
F igure 15c. Reciprocal lattice of InP(100)-lxl showing RHEED patterns at 
different azimuths.
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radius o f the Ewald sphere is defined by the incident electron beam wavelength, and is 
equal to 2tdX. The center o f the Ewald sphere is defined by the electron beam 
direction with respect to the reciprocal lattice.
The electron wavelength is given by:30
X = 12.3/(V (l+ l.95xl(r6V ))V2 A  3.4
In our experiment, the accelerating voltage is V = 9000 volts 
\  = 0.12853 A
Ewald sphere radius= 2% /  X = 2 tc / 0.12853 = 48.9 A '1
The intersection o f the Ewald sphere with the rods perpendicular to  the reciprocal 
lattice defines K-K’ vector and accordingly K’ vector. In Fig. 16, the K’ vector 
represents the specular beam. A part o f the beam is transmitted through the sample, 
and forms the transmitted beam on the screen. The specular and the transmitted beams 
are separated by the shadow edge.
3.2.3. Formation of the diffraction streak
The diffracted spot is formed when electrons diffrated with the k’ vector hit the 
phosphor screen. Due to the non-idealities in the electron beam and the sample’s 
surface, the diffraction spots turn into streaks. With a perfect electron beam and a 
perfect surface, the intersection o f the Ewald sphere with the reciprocal lattice rods 
would form spots on the diffraction pattern. However, practically, even with the 
highest quality surfaces, streaks and not spots are observed. Due to the three 
dimensions nature of the surface in the form o f steps, roughness, and irregularities, the 
cross section o f the reciprocal lattice rods changes from the circular shape. In





























Figure 16. The Ewald sphere construction is determined by the direction and energy of the incident electron beam. The 
diffracted beam K’ determines the diffraction spot on the screen.
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addition, the width, divergence, and kinetic energy distribution o f the incident 
electrons affect the Ewald sphere construction. Accordingly, streaks and not spots are 
often observed in the RHEED patterns.30
3.2.5. Lattice spacing determ ination
The analysis o f a symmetrical RHEED pattern gives information on the lattice spacing 
in the real lattice. Figure 17a shows a*, the reciprocal lattice spacing between the (00) 
and (01) atoms, lying on the zeroth Laue zone. The Ewald sphere radius ( 2 tc / X ), is 
large compared to the reciprocal lattice dimensions. For an accelerating voltage of 
9 keV, the Ewald sphere radius is ~49 A*1, compared to reciprocal lattice spacings 
a*~2 A'1. Hence, the Ewald sphere intersects the zeroth Laue zone in approximately a 
straight line. From the geometry in Fig. 17a, the streak spacing is related to a* by:30 
a*=27cW/XL 3.5
where W is the observed streak spacing, and L is the sample to screen distance.
For GaAs(100)
Case 1: If the e-beam is along (0,1,0) direction
atom spacing = a2* =  2.23 A*1, as calculated in section 3.2.1. 
streak spacing calculation predicted from RHEED pattern 
a2* = 2 7t W2/ A, L
For our experiment: L, sample to screen distance = 16.6 cm, X = 0 .12853 A 
w2= 0.757 cm
streak spacing measured from RHEED pattern 55 pixels 
1 cm = 69 pixels

























Sample to screen distance L= 16.6 cm
#  (00)
Streak spacing observed 
on the screen (W)
(10)
H
e-beam along (010) direction, W = 0.79 cm e-beam along (011) direction, W= 0.57 cm
Figure 17. (a) The streak spacing W is obtained from the equation a* = 2nW / XL. (b), (c) The streak spacing obtained 
for GaAs(100) with the e-beam in the (010), and (011), respectively.
42
streak spacing = 0.79 cm at angle 353 on the manipulator.
Case2: If the e-beam is along (0,1*1) direction, Le. rotate 45° from (0,1,0) direction
atom spacing = a /  (2)in = 1.57 A '1 as calculated in section 3.2.1. 
streak spacing calculation predicted from RHEED pattern 
ai* = 2 7t wi /  X L 
w i= .535 cm
streak spacing measured from RHEED pattern 40 pixels 
1 cm = 69 pixels
streak spacing = 0.57 cm at angle 38 on the manipulator.
Figure 17b, and 17c show the streak spacings, when the electron beam is incident 
along (010), and (011) directions, respectively.
3.2.5. Laue rings
The rows o f the reciprocal lattice rods are perpendicular to sample’s surface and 
intersect the Ewald sphere to form the RHEED pattern. Since the Ewald sphere radius 
is much larger than the reciprocal lattice basis vectors, the rods o f the zeroth Laue ring 
intersect the Ewald sphere forming a straight line on the screen, while the rods o f the 
higher order zones intersect the Ewald sphere forming rings on the screen. Higher 
order zones appear in the pattern depending on the screen dimensions. The Ewald 
sphere geometrical representation allows to calculate the Laue rings radius, and 
accordingly the RHEED pattern can be predicted for a specific electron beam direction 
if the lattice constant o f the sample is known. For GaAs(100), when the electron beam
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is incident along (O il) direction, the radius o f the Laue ring is calculated using 
Fig. 18a, and Fig. 18b. The first Laue ring rod intersects the Ewald sphere at a point B. 
OA = OB = Ewald sphere radius = 49 A*1.
AD = (00) -  (11) spacing in the reciprocal lattice = 1. 58 A'1.
The distance between the (00) A and point B gives the first Laue ring radius. From 
the geometry o f Fig. 18a, AB = 12.42 A’1. Applying equation 3.5, the first Laue ring 
radius is 42 mm. The number o f streaks which appear in the pattern is determined by 
the intersection o f the line passing through the points o f the first zone and the Ewald 
circle. Only the points falling inside the circle appear on the pattern. Figure 19 shows 
the predicted and observed RHEED patterns in the (011) direction. The streak spacing 
is predicted in section 3.2.1.
3.2.6. Electron beam angle of incidence measurement
The angle o f incidence <|> is determined, as shown in Fig. 20, from the sample to screen 
distance and shadow edge to specular spot distance, according to the following 
equation:30
(j> = tan*1 (d /  L) 3.6
where d is the distance o f the specular spot from the shadow edge o f the RHEED 
screen, and L is the sample to  screen distance.
When the angle o f incidence o f the electron beam is made such that the electrons 
diffracted from adjacent regions differing in height by a monolayer interfere 
constructively, the RHEED intensity is maximum and the diffraction condition is 
called Bragg or in-phase condition. When the angle o f incidence of the electron beam
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OA = OB = Ewald sphere radius = 49 A’1













Figure 18. The reciprocal lattice and the Ewald sphere construction when the
electron beam is in the (011) direction, (a) Cross section, (b) Plan view.
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Figure 19. (a) The predicted RHEED pattern for GaAs(100), when the electron 
beam is in the (011) direction, (b) The actual pattern obtained in the (011) 
direction.
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Figure 20. The angle o f incidence is calculated from the distance between 
the specular beam and the shadow edge, tan <J> = d / sample to  screen 
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is made such that the electrons diffracted from adjacent regions differing in height by 
a monolayer interfere destructively, the RHEED intensity is minimum, and the 
diffraction is called in the out-of-phase condition. The diffraction conditions will be 
discussed in details in chapter 5.
3.3. Transmission and reflection diffraction patterns
In the practical RHEED measurements, most surfaces have three-dimensions features. 
The size and shape o f these features affect the diffraction pattern.31 If  these features 
are thin and perpendicular to the surface, the incident electron beam will pass through 
them and will form a transmission diffraction pattern. If  these features are flat and 
large, the incident electron beam will be reflected from the surface, and will form a 
reflection diffraction pattern.
Figure 21 shows the change in the diffraction pattern with the change in the surface 
features. Figure 21a shows the incident electron beam reflected from a smooth surface 
forming a  reflection diffraction pattern for InP(lOO) sample in the (031), and (010) 
directions. This pattern is characterized by streaky diffraction features. When this 
surface was heated to 530 °C, which is high enough to cause preferential desorption o f 
phosphorous leaving indium droplets on the surface with rough structure, the electron 
beam passes through these big structures forming a transmission diffraction pattern, as 
shown in Fig. 21b. This pattern is characterized by spotty diffraction features.
















Figure 21. (a) Smooth surfaces of InP(lOO) before heating to 530 °C produce reflection diffraction patterns as shown for 
azimuths (031), and (010).




Atoms at the surface o f semiconductors can rearrange themselves in a way different 
from the bulk.32 This includes die displacement o f atoms normal to the surface, and 
the unit cell o f the real lattice at the surface becomes bigger than the bulk projected 
unit cell. Accordingly, the unit cell o f the reciprocal lattice becomes smaller, and 
smaller features appear in the diffraction pattern. The integral order streaks are 
separated by higher order streaks, and the integral order rings are separated by higher 
order rings. The type of reconstruction provides information on the surface 
termination For example, the 2x4 reconstructed GaAs(lOO) surface indicates that the 
surface is arsene terminated. Figure 22a shows the real lattice o f GaAs(lOO) 2x4 
reconstructed surface, while Fig. 22b shows the reciprocal lattice with RHEED 
patterns in the (O il), and (O il). The pattern in the (O il) direction shows that the 
integral order streaks are separated by half-order streaks and that the zeroth Laue ring 
is separated from the first Laue ring by quarter order rings. The pattern perpendicular 
to the (011) shows that the integral order streaks are separated by quarter-order streaks 
and the first Laue ring is separated from the first Laue ring by a half order ring.
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Substrate mesh Surface structure mesh (2x4)
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Figure 22a. Real lattice o f the GaAs(100) 2x4 reconstructed surface 
compared to the substrate structure.


















Figure 22b. Reciprocal lattice o f 2x4 reconstructed GaAs(lOO) surface with RHEED patterns in the (O il) and (O il) directions.
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CHAPTER 4 
ATOMIC HYDROGEN PREPARATION OF NEA GaAs AND InP 
PHOTOCATHODES
4.1. Conventional preparation methods of NEA photocathodes and 
their drawbacks
An atomically clean crystal surface is required to obtain a high quantum efficiency 
(QE) photocathode.10 NEA surfaces are typically prepared by Erst cleaning the 
semiconductor surface chemically before loading it in ultrahigh vacuum (UHV). Then 
the sample is heat cleaned in UHV to remove the surface contaminants.3,5’6 After the 
sample cools down to room temperature, activation to NEA is typically performed by 
the coadsorption o f cesium and oxygen on the sample surface.3,5'6 The chemical 
cleaning followed by heating in UHV can remove the surface oxides, however, 
carbon, which is a predominant contaminant, persists at high temperatures. It has been 
shown that the photocurrent response decreases with the increase o f the carbon 
concentration on the surface.10 It is assumed that the effect o f carbon contamination is 
to form an interfacial barrier that does not allow the low energy electrons to escape 
into vacuum, thus, increasing the surface trapping coefficient This barrier decreases 
the photoemission sensitivity and produces low quantum efficiency (QE) 
photocathodes. One monolayer o f carbon is sufficient to reduce the photoemission to 
zero. The chemical cleaning is a time consuming process and does not provide a 
carbon free surface in addition to the possibility o f etching the thin strained layer.9,11
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Heat cleaning o f GaAs is carried out at 600-700 °C, a temperature very close to GaAs 
congruent temperature. If  the GaAs surface temperature is below the congruent 
temperature, gallium and arsenic evaporate in equal proportions and the GaAs is 
arsenic stabilized. If the GaAs surface is heated above the congruent temperature, 
arsenic evaporates preferentially, and a gallium stabilized surface is obtained which 
cannot be activated to NEA condition. Since the cleaning temperature is very close to 
the congruent temperature, measured as 657-663 °C for GaAs( 100),12,13 care must be 
taken to obtain an atomically clean surface and presrve the arsenic stabilized surface 
necessary for NEA activation.
For InP, native oxides are desorbed by heating to -500-530 °C,34 a temperature much 
higher than InP congruent temperature (-400 °C).35r36 When the InP surface 
temperature is below the congruent temperature, indium and phosphorus evaporate in 
equal proportions and the InP surface is phosphorus stabilized. If  the InP surface is 
heated above the congruent temperature, phosphorus evaporates preferentially, leaving 
indium droplets on the surface.34 These surfaces produce very low QE 
photocathodes.37
Another drawback is that heat cleaning above the congruent temperature results in a 
rough surface which affects the collimation of the emitted beam by increasing the 
angular spread o f the emitted electrons and, thus, limits the application of NEA 
photocathodes in electron beam lithography and microelectronics applications.7,38 
Strained semiconductors, used to obtain highly polarized photoelectrons are affected 
by high temperature cleaning. Strain relief occurs due to the formation o f dislocations 
and defects that lead to decreased value o f electron polarization.9
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4.2. Low temperature cleaning of semiconductor surfaces by atomic 
hydrogen
Recently, atomic hydrogen irradiation has been studied as a  surface cleaning 
method.34,39"41 In addition to removal o f surface contaminants, exposure to atomic 
hydrogen leads to passivation o f donors and acceptors in certain doped 
semiconductors,42 acts as a surfactant during epitaxial growth,43 and reduces 
dislocation densities at heteroepitaxial semiconductor surfaces.23 Surface cleaning o f 
ni-V  semiconductors has been previously reported using a variety o f atomic hydrogen 
sources. These include rf discharge,41 electron cyclotron resonance discharge,44 and 
hydrogen thermal cracking source.34 Hydrogen plasma has energetic ions (up to ~ 100 
eV) which can cause physical and electronic damage to the surface extending several 
hundred angstroms into the bulk. Normal incidence irradiation using a hydrogen 
plasma source produced more surface damage than grazing incidence irradiation.25 In 
contrast, cracking sources produce atomic hydrogen with kinetic energies thermalized 
with the ambient gas. GaAs and InP are cleaned under atomic hydrogen irradiation at 
a  surface temperature ~350-400 °C.37,45 In addition to the cleaning effect, atomic 
hydrogen promotes a  homogeneous oxide desorption resulting in a smooth group V 
stabilized surface.41
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43. Experimental setup and atomic hydrogen thermal cracker 
source
The GaAs samples used are cut 2° o ff the (100) surface, and Zn doped to provide a 
carrier concentration o f ~1019 cm'3. The wafers have an etch pit density from 7200-9600 
cm'2, as determined by the manufacturer. The InP(lOO) samples are Zn doped to provide 
a carrier concentration o f 2-3 x 1018 cm'3. The samples were not chemically etched, but 
only degreased in acetone and ethanol for 5 minutes each in an ultrasonic bath, then 
loaded in the UHV chamber. The sample is mounted on a molybdenum plate on top o f a 
resistive heater that can heat it up to 600 °C. The sample is fixed with two molybdenum 
clamps. A thermocouple wire is attached to the sample holder close to the sample to 
allow the measurement o f the surface temperature. A wire is connected to the sample 
holder to allow applying a negative voltage to the sample for photocurrent measurement 
The sample holder is connected to a  xyz manipulator through a ceramic rod that provides 
electrical insulation o f the sample from the chamber walls used as the anode for the 
negatively biased sample. The manipulator provides also the azimuthal rotation which is 
used to set the direction o f the incident electron beam when acquiring the RHEED 
patterns.
Figure 23 is a schematic of the UHV chamber used for photocathode preparation. It 
consists o f an 8 in. flanges 6 way cross attached to a 6 in. flanges 4 way cross. The 
chamber is pumped to the 10'7 Torr range by a 6 0 1/s turbomolecular pump, then a 2201/s 
ion pump is used to achieve UHV. A  titanium sublimation pump is also attached to the 
chamber to reduce the base pressure. Using the titanium sublimation pump together with 
the ion pump, a base pressure of -5x1 O'10 Torr is obtained. The pressure in the chamber
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Figure 23. Ultrahigh vacuum chamber for photocathode operation. The chamber is connected to a turbomolecular pump 
and an ion pump. The processing flange includes four ports for introducing oxygen gas, atomic hydrogen, cesium source, 
and a window for passing the laser light to the sample.
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is measured by the ion pump current after calibration to an ion gauge. This minimizes 
the sample contamination if  an ion gauge is used. The chamber is equipped with a 
sample manipulator, RHEED gun, RHEED screen, and a processing port The 8 in. 
flange processing port has four 2.75 in. ports. One port is used to deposit cesium during 
NEA activation. The cesium source is kept at 5±1 cm from the GaAs photocathode 
during the activation. The second port is equipped with a leak valve for oxygen 
admission. The third port is a glass window to allow the laser light to hit the 
photocathode during activation and operation. The fourth port contains the hydrogen 
cracking source that is kept at —12 cm away horn the sample during the cleaning process. 
RHEED patterns are acquired by a CCD camera connected to a  computer and a video 
monitor. The hydrogen cracking source is shown in Fig. 24, and consists o f a tungsten 
filament inserted in an 80 mm long, 4 mm i.d. boron nitride tube. The filament is heated 
by dc current o f 30 A to -2000 °C. The molecular hydrogen is introduced through a leak 
valve and passes in the boron nitride tube where it gets partially dissociated and the 
atomic hydrogen is transported to the sample. The dissociation efficiency is estimated to 
be -3  %.47>48
4.4. Preparation of NEA GaAs photocathodes by atomic hydrogen
4.4.1. Initial cleaning and reviving of GaAs photocathodes by atomic hydrogen
The UHV chamber is baked for 2 days to achieve a  base pressure o f ~8xl0*l° Torr. Only 
the ion pump is used in this part o f the experiment The titanium sublimation pump is 
not used. The GaAs sample is kept at -450 °C during baking to avoid contamination. 
The cesium source is degased to the roughing turbomolecular pump before the chamber


















3 in. long tungsten 
filament inside a 
boron nitride tube
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processing port
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to heat the hydrogen gas
Figure 24. Atomic hydrogen cracking source. The hydrogen gas flow is controlled by a leak valve. Molecular hydrogen 
passes through the boron nitride tube while the tungsten filament is heated to -2000 °C where it gets partially dissociated. 1 he 
filament is -12 cm away from the sample during the cleaning process. oo
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bakeout. When the sample cools down to room temperature, cesium is evaporated from 
the dispencer source by passing a 4.8-5 A dc current. The photocurrent in response to 
5 mW, 632.8 nm light is measured during the cesium deposition every 10 minutes for 
7.5 hours. Negative voltage bias is applied to the sample while grounding the vacuum 
chamber. Then, the GaAs sample is hydrogen cleaned for 30 minutes while keeping it at 
450 °C. The sample temperature increases by -25 °C after heating the cracker source 
tungsten filament The hydrogen pressure in the chamber is ~ lx l0 '6 Torr, as measured 
by the ion pump current, and the filament temperature is —2000 °C. After the hydrogen is 
pumped for several hours, the chamber pressure drops to the low 10*9 Torr range. The 
sample is then cooled down to room temperature, and cesium is deposited again while 
monitoring the photocurrent The photocurrent response increases with hydrogen 
cleaning. Hydrogen cleaning followed by cesium activation is repeated until no further 
improvement is seen in the photocurrent Figure 25a shows the increase in the QE of 
cesium activated photocathode from -0.01 % before any hydrogen cleaning to -0.6 % 
after 10 hydrogen cleaning cycles. Figure 25b shows the typical temporal photoresponse 
o f the cesium activated photocathode.
We repeat the same experiment for cesium-oxygen activated photocathode. The 
photoresponse is monitored before any hydrogen cleaning. Then the sample is exposed 
to atomic hydrogen under the same conditions used for cesium activations for successive 
30 minutes cycles. The QE increases with atomic hydrogen cleaning. The cleaning 
cycles are continued until no further improvement in the QE is observed. In this case, the 
GaAs sample is activated by the “yoyo” technique.3 The cesium is applied until 
maximum photocurrent response to 632.8 nm laser is obtained, then oxygen is admitted
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Figure 25. (a) The quantum efficincy, QE, in response to 632.8 nm light, of 
cesium activated photocathode increases after atomic hydrogen cleaning. Each 
cleaning cycle was for ~30 minutes with sample heated at 450 °C at a  hydrogen 
pressure of lx l O"6 Torr. (b) Typical photoresponse o f cesium activated 
photocathode.


























Figure 26. (a) The quantum efficiency, QE, in response to 632.8 nm light, o f cesium- 
oxygen freshly activated photocathode increases from ~0.18 % before cleaning to -4.1 % 
after seven hydrogen cleaning cycles. In each cycle, the sample is exposed to atomic 
hydrogen for -30  minutes while heated at 450 °C at a hydrogen pressure o f-lx lO '6 Torr. 
(b) Typical photoresponse o f cesium-oxygen activated photocathode.
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which causes the photocurrent to drop. Cesium is then applied again until the 
photocurrent does not improve further. We keep a little flow of cesium after activation to 
enhance the lifetime o f the photocathode. The cesium dispencer current during activation 
is -4.8-5 A, while it is kept at 3.6 A after activation. Figure 26a shows the increase of 
QE from ~0.2 % before hydrogen cleaning to -4.1 % after seven hydrogen cleaning 
cycles, in response to 632.8 nm light Figure 26b shows the QE obtained during 
activation and operation of cesium-oxygen activated photocathode.
The background pressure during activation significantly affects the QE of the 
photocathode. Higher QE is obtained under lower pressures. The lifetime o f an 
activated crystal is limited by a decrease in the QE that results from degradation in the 
surface conditions. This degradation is caused by the surface contamination o f the 
residual gases in the chamber, cesium desorption from the surface, and contamination 
from the chamber walls when the emitted electrons are collected. Figure 27 compares 
the performance o f two atomic hydrogen cleaned, cesium-oxygen activated 
photocathodes operating at different vacuum base pressures. For curve (a), the chamber 
is pumped with an ion pump and the sample is activated at a  chamber pressure 
—8xlO'10 Torr. The activation part o f the curves is not shown. The QE of the freshly 
activated photocathode, i.e. a few minutes after activation, is -4.1 %, and it drops to 
-0 .5  % after 2000 minutes, in response to 632.8 nm light For curve (b), the chamber is 
pumped with an ion pump in addition to a titanium sublimation pump, and the sample is 
activated at a chamber pressure -3x1 O'10 Torr range. The QE o f the freshly activated 
photocathode is —12.8 %, and it drops to —7 % after 2000 minutes, in response to 
632.8 nm light The QE of the freshly activated photocathode is -5 .3  %, and it drops to





















(c) Ion pump and titanium sublimation pump used, = 3A, 780 nm light
(a) Only ion pump used, IM = 3.6 A, 632.8 nm light
500 1000 1500 2000 2500
Time (min)
Figure 27. Reducing the chamber pressure by adding a titanium sublimation pump in addition to the ion pump produces 
photocathodes with higher quantum efficiency and longer lifetime.
(a) Using an ion pump only, the QE drops from ~4.1 % to -0.5 % after -2000 minutes, in response to 632.8 nm light.
(b) Using an ion pump and a titanium sublimation pump, the QE drops from -12.8 % to -7  % after -2000 minutes, in 
response to 632.8 nm light.
(c) Using an ion pump and a titanium sublimation pump, the QE drops from -5.3 % to -3  % after -2000 minutes, in 
response to 780 nm light.
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~3 % after 2000 minutes, in response to 780 nm ligh t Higher cesium flux is required 
without the titanium sublimation pump to enhance the lifetime o f the photocathode. The 
photocathode accelerating voltage is kept constant in both cases at -540 V. The QE and 
the lifetime of the photocathode are significantly improved under better vacuum 
conditions.
We study the possibility of using atomic hydrogen for reviving the photocathode after its 
QE is reduced with photoactivation time. We compare reviving the photocathode by 
heating at 400-450 °C and by heating plus hydrogen irradiation, then reactivating the 
sample with cesium and oxygen. Figure 28 summarizes a sequence o f cesium-oxygen 
activations after UHV chamber bakeout. The QE in response to 632.8 nm increases from 
-3  % to -8.3 % after 3 hours initial cleaning, then we revived the photocathode several 
times by heating at 450 °C for 1 hour and by hydrogen irradiation while the sample is 
kept at 450 °C for 1 hour. A QE o f 5-8 % is obtained after reviving with heat cleaning 
alone, while a QE o f 10-12.6 % is obtained after reviving with hydrogen cleaning at 
450 °C. These results show that the atomic hydrogen irradiation can be used not only for 
the initial cleaning o f the photocathode, but also for reviving the photocathode when the 
QE drops after continuous photoemission.
We attempted to clean the GaAs sample prior to the NEA activation by atomic hydrogen 
cleaning while the sample is kept at different temperatures. As shown in Fig. 29, die first 
activation was after heat cleaning during the UHV chamber bakeout at 450 °C, the QE 
obtained was -1 %. Then we performed atomic hydrogen cleaning for 3 hours at 4 
temperature ranges prior to activation. From the results shown in Fig. 29, it is clear that 
the 500-520 °C temperature range results in optimum cleaning, and highest QE. We did














0  Heating at 450 °C during UHV bakeout
1  3 hours hydrogen cleaning at 450 °C
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Figure 28. Operation sequence of cesium-oxygen activated photocathode. The hydrogen cleaning is effective in the 
initial cleaning, activation 2, and in the photocathode reviving, activations 4, 6, and 8. Activation 1 is performed after 
chamber bakeout, while the sample is kept at ~450 °C for ~24 hours. Activations 3, 5, 7, and 9 are performed after 






















•  500-520 °C
•  400-450 °C
•  300-350 °C
Heating only 
•






Figure 29. Increasing the GaAs sample temperature during the hydrogen cleaning produces higher quantum 
efficiency photocathodes. The GaAs sample temperature is kept below S20 °C to avoid arsenic depletion and 
surface damage. The first activation is performed after chamber bakeout, while the sample is kept at -450  °C 
for 24 hours. Activations 2 through 6 are performed after 3 hours hydrogen cleaning while the sample is kept at 
different temperatures. ON0\
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not increase the sample temperature above this range to avoid arsenic depletion and 
crystal damage. The temperature ranges vary by 20 to 50 °C depending on the increase 
in the sample temperature after operating the cracker source. In addition, the distance 
between the sample and the cracker affects the sample's temperature rise.
For the results shown, the photocurrent is in the range o f 1-5 pA, and the laser spot size 
on the sample is -0.3 mm2.
The increase in the quantum efficiency o f NEA GaAs photocathodes after hydrogen 
cleaning is due to the removal o f oxides and carbon compounds. Deoxidation of GaAs 
under atomic hydrogen occurs in 2 stages: before and after the desorption of arsene 
oxides. In the first stage, the atomic hydrogen reacts with arsene oxides forming 
molecular arsene according to the following chemical reaction^6 
As2Ox + 2xH -»  x H20  t  + As2 (1/2 As4) t ,
Where x = 1,3, or 5 is the various arsene oxides.
AsH3 is also liberated during the arsene oxides desorption. The amount o f molecular 
arsene liberated during the chemical reaction decreases with tim e, indicating the 
progressive removal o f the oxides.36,40 In the second stage, the stable, non-volatile, 
Ga20 3 is liberated by the formation o f volatile Ga20 , according to the following 
chemical reaction:36
Ga20 3 + 4H —>• 2 H20  t  + Ga20  t  
The amount o f Ga20  liberated during the chemical reaction decreases until it 
disappears. This indicates that Ga20 3 has been completely removed from the surface. 
Under atomic hydrogen, the deoxidation process is achieved at -400 °C, compared to 
-600 °C for thermal deoxidation. The oxide desorption under atomic hydrogen
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produces smooth surfaces compared with the thermal oxide desorption which proceeds 
through the reaction between the oxides and the GaAs substrate as follows:
GaiCh + 4 GaAs —► 3 Ga20 T + As4(2As2) T 
Carbon removal is due to the formation o f volatile hydrocarbon compounds.
4.4.2. Atomic hydrogen effects studied by RHEED
We next describe reflection high-energy electron diffraction (RHEED) studies o f the 
GaAs surface structure. The electron beam energy is 8 kV. The RHEED filament 
current is 2.45 A. The electron beam current was measured by applying a positive 
voltage to the sample and was found ~1 pA. During the RHEED measurements, the 
sample is kept at ground potential. Before atomic hydrogen cleaning, the surface of the 
sample is covered by a thick amorphous layer of oxides. We could not observe a 
RHEED pattern before cleaning, only a halo. When the sample is heated at 500 °C for 
one hour, some features o f the RHEED pattern could be seen but the halo still exists 
indicating an amorphous layer on the surface as shown in Fig. 30. The sample is then 
hydrogen cleaned at 500 °C for ~3 hours. A clear RHEED pattern with (2x4) 
reconstruction is observed indicating a clean, oxide free GaAs surface. Figure 31a and 
Fig. 31b show die RHEED pattern and a  line scan with the half-order streaks of the
reconstructed surface. The electron beam is incident along <011>. Figure 31c and 
Fig. 31d show the RHEED pattern and a line scan with the quarter-order streaks of the 
reconstructed surface. In this case, the electron beam is along <011>. The presence of 
well defined diffraction spots falling on semi circles indicates that the oxides on the 
surface are removed with little damage. Secondary diffraction features in the form of















Figure 30. RHEED pattern o f  the GaAs(lOO) surface after heat cleaning at -500  °C for one hour. The 
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Figure 31. (a) RHEED pattern o f the GaAs(100) surface after 3 hours 
hydrogen cleaning while the sample is kept at 500 °C. A (2x4) reconstructed 
surface is obtained. The electron beam is incident along <011>. (b) Line scan 
across the RHEED pattern, half-order streaks are shown by arrows.
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Figure 31. (c) RHEED pattern o f the GaAs(lOO) surface after 3 hours hydrogen 
cleaning while the sample is kept at 500 °C. The electron beam is incident along 
< 0 1 1>. (d) Line scan across the RHEED pattern, quarter-order streaks are shown 
by arrows
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Kikuchi lines indicate the high quality of the bulk crystal. Initial cleaning and reviving 
by atomic hydrogen produce (2x4) reconstructed, As stabilized GaAs surface. This 
surface produces photocathodes with high QE.
We next demonstrate how RHEED can be used to estimate the initial cesium layer 
thickness that maximizes the photoresponse before applying oxygen. The photocurrent is 
measured, and RHEED patterns are acquired every 10 seconds during cesium deposition. 
The cesium dispencer current is 4.4 A. The initial RHEED patterns are clear and show
(2x4) reconstruction. The angle o f incidence o f the electron beam is -1 .9 " , and the 
calculated electron penetration depth is -0.6 monolayer.46 When the cesium starts to 
cover the surface, the photocurrent increases, and the RHEED pattern starts to disappear. 
As shown in Fig. 32, the intensity of the 00 and 01 spots decreases with cesium 
deposition. The photocurrent is maximum when the cesium thickness is -0.5 monolayer. 
This result is consistent with the results obtained by Smith and HuchitaL,49 using ESCA 
measurements to determine the cesium coverage that maximizes the photoresponse. 
Figure 33a, 33b, and 33c show the RHEED patterns after 100, 200, and 300 sec of 
cesium deposition, respectively. The intensity o f the RHEED streaks decreases with 
cesium deposition.
4.43. Factors affecting photocathode lifetime
The QE decreases with time after activation due to surface degradation. One mechanism 
of surface degradation is the bombardment by back streaming ions produced when the 
photoelectrons collide with residual gas molecules or chamber walls. As the energy of 
the photoemitted electrons increases, more back streaming ions with higher energies
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Figure 32. The intensity o f the RHEED streaks is used to determine the cesium surface coverage. The photocurrent increases 
with cesium deposition, while the intensities o f  the (00) and (01) streaks decrease. The photocurrent is maximum when the 
cesium coverage is -0 ,5  monolayer. The cesium current is 4.4 A.
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Figure 33. The intensity o f the RHEED streaks decreases with cesium deposition
(a) RHEED after 100 sec o f cesium deposition.
(b) After 200 sec o f cesium deposition.
(c) After 300 sec o f cesium deposition.
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bombard the surface causing more surface contamination and faster migration o f cesium 
atoms from the surface leading to quick poisoning o f die sample and faster decay o f the 
QE.6 Figure 34 shows the effect o f biasing the photocathode at -540 V versus -110 V. In 
the case o f -540 V the photocurrent drops to ~40 % of its initial value after -1000 
minutes. For -110 V, the photocurrent remains almost constant after -1200 minutes.
As the photocurrent intensity increases, the number of photoelectrons increases causing 
more cesium atoms migration from the surface. This also leads to the generation o f more 
back streaming ions bombarding the GaAs surface leading to quick poisoning o f the 
sample and faster decay o f the QE. Figure 35 shows that the photocurrent remains about 
constant for more than 1000 minutes at a current level o f-1 pA. When the photocurrent 
is increased to -5  pA, the photocurrent drops to -2 .2  pA a fte r- 3000 minutes.
The effect of surface degradation due to cesium atoms migration from the surface can be 
minimized, and accordingly the lifetime of the photocalhode can be significantly 
enhanced by low level continuous cesiadon. Figure 36 shows the case o f optimized 
cesiation, the QE drops from -1 2  % to -10 % after ~800 minutes. However, if the 
cesium is turned off after activation, the QE drops from -12  % to ~4 % after -800 
minutes. If the surface is overcesiated, a faster decay in the QE is observed. The QE 
drops from -12 % to —1.8 % after —300 minutes, then it starts to increase again with 
cesium desorption from the surface. In this case, the cesium layer is too thick causing 
increased surface trapping coefficient leading to a  decreased photosensitivity and quick 
decay o f QE.
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Figure 34. The accelerating voltage o f the emitted electrons strongly affects the lifetime o f the photocathode. 
Slower decay rates o f the photocurrent is observed with reduction o f the accelerating voltage. The photocurrent 
drops to -4 0  % o f its initial value after -1000 minutes when the photocathode bias voltage is -540 V. For -100 V 
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Figure 35. The photocurrent intensity affects the lifetime of the photocathode. A photocurrent 
o f ~1 |iA  remains constant for ~1200 minutes. If the photocurrent is increased to 5.2 pA, by 
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Figure 36. The lifetime o f the photocathode can be significantly enhanced by low level continuous 
cesiation after the activation. With optimized cesiation, the quantum efficiency (QE) drops from ~12 % 
to -1 0  % after -800  minutes. With no cesium, the QE drops from -12  %  to - 4  % after -800  minutes. 
If  the surface is overcesiated, the QE drops from -1 2  % to 1.8 % after -300  minutes.
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4.5. InP photocathodes preparation by atomic hydrogen
Indium phosphide has considerable applications in the manufacture o f electronic and 
optoelectronic devices. It has a large thermal conductivity, and small electron diffusion. 
The energy bandgap, lattice constant, and high optical absorption coefficient of InP make 
it a suitable photocathode material and a lattice-matched substrate for the growth of 
epitaxial layers o f GaxIni-xPyAsi_y /  InP heterostructures that have direct bandgaps. These 
heterostructures extend the sensitivity of the photocathodes beyond the the long 
wavelength limit o f conventional devices.
4.5.1. Atomic hydrogen cleaning and reviving
Figure 37 shows a typical "yoyo" activation and the quantum efficiency (QE), in 
response to 632.8 nm light for 1000 minutes. For a photocurrent level o f few pA, the 
QE drops to ~80 % o f its initial value after -1000 minutes. After the first activation, a 
QE of ~0.7 % was obtained for freshly activated photocathode. Then, we exposed the 
sample to atomic hydrogen for I hour cycles while the sample was kept at 350-370 °C. 
After each cleaning cycle, the sample was cooled down to room temperature, activated 
again to NEA using the "yoyo" technique, and the QE was measured for several hours. 
The QE increased after each cleaning cycle reaching a  value o f —4 % after activation 
8, as shown in Fig. 38. Then we continued with more hydrogen cleaning cycles, with 
the sample temperature raised to 380-400 °C. After activation 10, the QE reached 
-6 .7  %. For other samples, we obtained QE ~8.5 % in response to 632.8 nm light, and 
—4 % in response to 780 nm light. When we continued with more cleaning cycles, the 
QE remained between —5.8 % and —6.7 %. Before activations 16, and 18, we did not






















Figure 37. Typical photoresponse o f InP photocathode activated to negative electron affinity by the 
alternate deposition o f cesium and oxygen. For a current level o f  few pA, the quantum efficiency 
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Figure 38. The quantum efficiency o f InP photocathode increases after atomic hydrogen cleaning. 
Samples kept at -380-400 °C during atomic hydrogen cleaning give the highest quantum efficiency. 
Reviving by hydrogen irradiation produces photocathodes with higher quantum efficiency than those 
revived by heating only. 00
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perform any atomic hydrogen irradiation, we revived the photocathode only by 
heating at 385 °C. A QE o f 4-4.8 % was obtained. Results show that hydrogen 
cleaning is effective in the initial cleaning of InP prior to activation to NEA. When 
the InP samples are kept at 380-400 °C during hydrogen cleaning, we obtain the best 
cleaning results. Atomic hydrogen is also effective in reviving the photocathode.
The photocathode produces higher QE when revived with heating and atomic 
hydrogen irradiation than when revived with heating only.
4.5.2. Atomic hydrogen effects studied by RHEED
Next, we used reflection high-energy electron diffraction (RHEED) to study the effect 
o f heat and atomic hydrogen cleaning on the surface structure. Figure 39a shows the 
RHEED pattern o f InP(lOO) after heat cleaning at 385 °C. The electron energy was 
8 kV, the angle o f incidence o f the electron beam was -1.9°, and the electron beam
was incident along the <011> direction. In this case, no RHEED pattern can be seen, 
only a halo. This indicates that the surface is covered with a thick layer of amorphous 
oxides. Figure 39b shows a  RHEED pattern after partial atomic hydrogen cleaning. 
Some features o f the oxides can be seen, but no clear InP structure can be determined. 
Figures 39c and 39d show RHEED patterns after complete cleaning when the electron
beam is along the <011> and <011> directions, respectively. Clear (2x4) 
reconstruction features ran be observed indirating a phosphorus stabilized surface. 
The presence o f well-defined diffraction spots falling on semi circles indicates that the 
oxides on the surface are removed with little damage. Secondary features in the form 
o f Kikuchi lines indirate the high quality o f the bulk crystal. This surface produced













Figure 39. Effect o f hydrogen cleaning on RHEED patterns o f InP(lOO). The electron beam is incident along < 0 1 1> 
in (a), (b), (c), and (e), and along <011> in (d), and (f).
(a) Before hydrogen cleaning, no clear pattern is observed, only a halo, indicating a thick amorphous layer o f  oxides.
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Figure 39. (c) Alter atomic hydrogen cleaning and heating at -400 °C. Clear reconstruction features are seen. 




















Figure 39. (e) After heating at S30 °C showing transmission features indicating a rough surface. The electron 
beam is incident along <011>. (!) The electron beam is incident along <011>.
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the highest quantum efficiency (8.5 %) in response to 632.8 nm light, when activated 
to NEA. The sample was then heated to the thermal cleaning temperature (-530 °C). 
This temperature is above the InP congruent temperature (-400 °C).34 Figure 39e and 
39f show RHEED patterns after heating the sample at 530 °C for 30 minutes. The 
electron beam was incident along the <011> and <011> directions, respectively. The 
patterns show diffraction spots, not streaks, indicating transmission features observed 
from rough surfaces. Above the congruent temperature, InP decomposes rapidly and 
phosphorus desorbs preferentially. This surface produced very low quantum 
efficiency (-0.1 %) in response to 632.8 nm light, when activated to NEA. The effect 
o f atomic hydrogen on InP surface was studied using Auger Electron Spectroscopy34 
and photoemission spectroscopy.36 In the first stage, atomic hydrogen reacts with 
carbon compounds and the less stable indium oxide, In203, and produces volatile 
compounds. Complete cleaning is limited by the removal of indium phosphate 
In(P03>3 which requires long atomic hydrogen exposure.
We next show the use of RHEED to estimate the initial cesium layer thickness which 
maximizes the photocurrent before applying oxygen. The photocurrent was measured, 
and RHEED patterns were acquired every 30 seconds during cesium deposition. The 
initial RHEED patterns were clear and show a reconstructed surface. The angle o f 
incidence o f the electron beam was -1.9°, and the calculated electron penetration 
depth is -0 .6  monolayer.46 When the cesium starts to cover the surface, the 
photocurrent increases, and the RHEED streaks start to disappear. As shown in 
Fig. 40, the intensity o f the (01) RHEED streak decreases with cesium deposition.
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Figure 40. The intensity of the in-phase (01) RHEED streak of InP(100) is used to determine the cesium 
surface coverage. The photocurrent increases with cesium deposition, while the intensity of the RHEED 
streak decreases. The photocurrent reaches its maximum when the cesium coverage is ~0.S monolayer. The 
insert are linescans across the RHEED pattern at the beginning and end of cesium deposition.
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The photocurrent is maximum when the cesium thickness is ~0.5 monolayer. 
Figures 41a and 41b show the RHEED patterns after 240 sec, and 480 sec o f cesium 
deposition, respectively. The intensity o f the RHEED streaks decrease with cesium 
deposition. This demonstrates that RHEED can be effectively used to measure the 
cesium layer thickness on the photocathode and thus provides an effective way to 
control the cesium deposition rate.
4.6. GaAs photocathode preparation using atomic hydrogen from a 
plasma source
Plasma processing of semiconductors has been utilized extensively in the fabrication 
o f electronic materials and devices. Applications include surface modification, thin 
film deposition, sputtering, etching, and cleaning. Several plasma reactor 
configurations have been used. The capacitively coupled parallel plate reactor 
produces low electron densities and high ion energies that can result in substrate 
damage.50 Low-pressure, high-density reactors include the inductively coupled 
plasma reactors,51 electron-cyclotron resonance (ECR) reactors,52 helicon wave 
reactors,53 and helical resonator reactors.54*56 These reactors have several advantages; 
they provide high etching and deposition rates by using high plasma densities, and 
good control o f ion energy by separating plasma generation from the substrate space. 
Helical resonator reactors operate with simple hardware consisting of a coil 
surrounded by a grounded cylinder. Since helices propagate electromagnetic waves 
with phase velocity much less than the speed of light, the helix resonates in the MHz 
range. Helical resonator reactors do not require magnetic fields, exhibit high quality


















Figure 41. The intensity of the InP(lOO) (01) RHEED streak decreases with cesium deposition.
(a) Cesium deposition for 240 sec.
(b) Cesium deposition for 480 sec.
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factor and high characteristic impedance, and can be operated without a matching 
network.54,55 They can achieve electron densities high enough for many applications. 
They operate at low gas pressure (10 mTorr -  5 Torr) that typically results in plasmas
ft 11 lwith electron densities between 1x10 to 1x10 per cm . Helical resonator reactors 
have been used as hydrogen atom sources with dissociation efficiencies up to 90%.56 
These atomic hydrogen sources have been used to prepare semiconductor surfaces of 
known structure, stoichiometry, and chemical composition which are both well 
ordered and free o f contaminants.57,58
We use atomic hydrogen produced in a helical resonator in a  down-flow configuration 
to clean GaAs surfaces prior to activation by deposition o f cesium.59 The effect of 
atomic hydrogen cleaning on the photoemission is studied.
4.6.1. Experim ental
4.6.1.1. V acuum  System
The experimental setup consists o f a vacuum system pumped to 10*9 Torr by an ion 
pump. As shown in Fig. 42, the chamber has a top port for the GaAs sample stalk, 
which includes a  heater that can heat the sample up to 600 °C. The atomic hydrogen 
source is connected to the bottom port and generates hydrogen atoms which are 
delivered to the main chamber. Cesium is evaporated on the GaAs surface using a 
source mounted on bellows, and controlled using a valve and a heater to adjust the 
deposition rate. The chamber includes a  glass window attached to an in-vacuum 
mirror for sample illumination. The light is incident on the sample with an angle -25°
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Figure 42. Vacuum chamber for photocathode preparation and testing. The 
helical resonator discharge produces hydrogen atoms that pass through 1 mm 
hole, for differential pumping, to the sample. An additional ion pump is 
connected to the pyrex tube of the helical resonator to increase the pumping 
speed o f hydrogen after cleaning.
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to the normal. Heavily p-doped (2-3 x 10 18 cm*3 Zn) GaAs samples are used. The 
sample is attached to the stalk by a tantalum cup.
4 .6 .1J. The Helical Resonator
The helical resonator design is similar to that o f Macalpine.60 It consists o f a 13 turns, 
4.0 cm diameter coil surrounded by a 7.6 cm diameter, and 11.4 cm long cylinder. 
One end of the coil is solidly connected to the shield. The other end is open circuited. 
The resonator resembles an ordinary radio-frequency tuned circuit with the omission 
o f the tuning capacitor. The helical resonator is surrounding a pyrex tube o f 2.5 cm 
outer diameter. The hydrogen is supplied from the bottom through the mini-Conflat 
flange. The discharge is confined within the pyrex tube and is not allowed to extend 
to the processing chamber by grounding the metal ends of the tube. The hydrogen is 
dissociated in the tube and hydrogen atoms pass through the 1-mm hole to the main 
chamber. The sample is located -1 5  cm from the hole. An aluminum sleeve is used 
to cover the stainless steel tube which is sealed to the pyrex tube to reduce the rate of 
hydrogen atom recombination. Hydrogen atoms are mainly formed by electron impact 
dissociation o f hydrogen molecules. The rate o f H atom generation depends on the 
hydrogen gas density, the average electron temperature, and the electron density.57 
It was previously shown that the helical resonator discharge can operate in two 
distinctive modes.56 If  the longitudinal electric field, E* dominates, the discharge is 
capacitive. In this case, the discharge is homogeneous and extends outside the 
resonator. I f  the axial magnetic field is strong, the induced azimuthal electric field, Ee, 
dominates, and the discharge is inductive. In this case, the discharge has higher
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electron densities at large radius and forms an annulus which yields to higher 
recombination losses. The capacitive mode discharge produces higher electron 
densities than the inductive mode discharge. The helical resonator can operate in 
either mode depending on the frequency.54
We ran the discharge with 25-30 W atts of input power, 116 MHz at a pressure of 
48 mTorr. The resonance frequency increases when the pressure is decreased. At the 
operating frequency, the reflected power was —40 % o f the total incident power since 
no matching network was used, and the tap position was fixed. A turbomolecular 
pump and an ion pump were used to reduce the pressure in the main chamber to 
10"6 Torr during the discharge. At this pressure, the mean-free-path o f the hydrogen 
atoms in the processing chamber is -tenths of meters,61 thus allowing a large fraction 
of the hydrogen atoms passing the 1-mm hole to reach the GaAs sample. Based on the 
model developed by Goodyear and Von Engel,61 at this frequency, the discharge is 
operating in the capacitive mode, the electron density is expected to be in the range o f 
~1010 /cm3, and the dissociation efficiency is estimated to be -20 %.
4.63.. Results
The GaAs sample is degreased in trichloroethylene, acetone, then methanol. After 
degreasing the sample is loaded in the chamber then heated to 600 °C for one hour. 
After cooling down to room temperature, the photocathode performance in response 
to cesium is studied. We measure the photocurrent response to white-light generated 
by an incandescent lamp, the ratio o f white-light photocuzrent to the photocurrent with 
a red long pass filter (Schott RG 715), -85 % transmission from 740 nm to 2700nm,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
with a sharp cutoff below 740 nm, and the time before maximum photocurrent occurs 
after a constant cesium flux is applied to the surface. We then start the atomic 
hydrogen cleaning process by activating the helical resonator discharge, while the 
GaAs sample is kept at 300 °C. The photocathode performance is measured at 
different cleaning intervals up to 120 minutes. Figure 43 shows a typical 
photocathode response to white and red lights after 120 minutes o f atomic hydrogen 
cleaning. We also measured the quantum efficiency (QE) in response to activations 
with different laser wavelengths. For a bulk GaAs crystal, we obtained a QE ~4 % in 
response to 632.8 nm light, while we obtained QE o f -2.2 %, and -1  % for strained 
layer GaAs, in response to 632.8 nm and 862 nm lights, respectively. The quantum 
efficiency (QE) refers to the number of emitted electrons per incident photon. 
Figure 44 shows the results for 3 bulk GaAs samples, while Fig. 45 shows the results 
for a strained layer GaAs sample. For bulk GaAs, the photocurrent increases from few 
nA before atomic hydrogen cleaning to -90  pA after 120 minutes under atomic 
hydrogen cleaning, when the sample is kept at 300 °C. The red-to-white ratio 
increases from -0.05 to -0 .5  after hydrogen cleaning. GaAs has a bandgap energy 
-1.4 eV, which corresponds to a cutoff wavelength o f -870 am. The red filter has a 
cutoff wavelength o f 740 nm. Accordingly, the increase in the red-to-white ratio 
indicates that more electrons with lower energies can escape. Good GaAs 
photocathodes produce a red-to-white ratio -0 .5 .11 Hydrogen cleaning produces GaAs 
surfaces which when cesiated have a lower interfacial barrier allowing more electrons 
to escape into vacuum. Before atomic hydrogen cleaning, maximum photocurrent 
occurs after -1200 sec from the start of cesium deposition. After 120 minutes o f


























T T T T
200 400 600 800 1000 1200 1400 1600 1800
Tim e (sec)
F igure 43. Typical photocathode response to cesium after atomic hydrogen cleaning. The white 
and red lights photocurrent increases with cesium deposition. A quantum efficiency (QE) o f ~4 
%, in response to 632.8 nm laser, is obtained for bulk GaAs, while QE o f -2 .2  %, and ~1 % is 
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Figure 44. (a) The white-light photocurrent response to cesium o f a bulk 
GaAs(100) surface increases with atomic hydrogen cleaning. Results are 
shown for 3 different samples.
(b) The maximum photocurrent occurs after —1200 sec before hydrogen 
cleaning, compared to —400 sec after cleaning. Results are shown for 3 
different samples.
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Figure 45. (a) The white-light photocurrent response to cesium o f strained 
layer GaAs increases with atomic hydrogen cleaning.
(b) The maximum photocurrent occurs after -2400 sec before hydrogen 
cleaning, compared to -400  sec after cleaning.
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atomic hydrogen cleaning, the maximum photocurrent occurs after -300 sec of 
cesiation. In Fig. 45, the photocurrent response o f the strained layer GaAs is shown to 
increase from few nA before atomic hydrogen cleaning to -38 pA. The time before 
maximum photocurrent response occurs decreases from -2400 sec to -400 sec after 
120 minutes o f atomic hydrogen cleaning. The red-to-white ratio increases from 0.05 
to 0.3 after atomic hydrogen cleaning. The increase in the photocurrent and the red- 
to-white ratio, as well as the faster photoresponse after hydrogen cleaning indicate that 
the surface trapping coefficient is reduced due to contamination removal.
4.7. Experimental errors
The quantum efficiency (QE) measurements o f GaAs and InP photocathodes were 
performed -50  times, for each material, under different conditions. For photocathodes 
prepared by hydrogen cleaning, the QE ranged from -9-14 % for GaAs, and 6-9 % for 
InP, while heat cleaned photocathodes produced QE from -0.1 % up to -2.8 %. The 
deviation in the QE value from one measurement to another is due to several factors. 
The measurements errors include the error in the picoammeter reading, and the power 
meter. The bulk wafer and the processing parameters also affect the QE. Samples 
with low crystalline defects produce higher QE. The sample preparation procedure 
might differ from sample to the other. The acetone and ethanol degreasing process 
might leave residues on the surface. Heat cleaning changes with different samples. 
The temperature reading is affected by the thermocouple position on the sample 
holder, and can vary within 30° C for the same filament current. The change in the
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cleaning temperature either under atomic hydrogen or separately affect the surface 
condition after cleaning, and accordingly the QE, which varies by ~5 % for hydrogen 
cleaned photocathodes, and -2.5 % for heat cleaned photocathodes. The base pressure 
also affects the QE. Higher QE values are obtained under lower base pressure. The 
base pressure and the cleanliness o f the system change during each measurement 
depending on the bakeout process, and the gas load in the chamber. A QE of 
~I2 % is obtained under a base pressure o f 3xlO'10 Torr, compared to ~4 % under a 
base pressure 8x1 O'10 Torr, in response to 632.8 nm light. The activation to negative 
electron affinity (NEA) using cesium and oxygen also affect the QE value. The 
balance between cesium and oxygen also changes during each activation. Too much 
oxygen during activation lowers the QE. During cesium deposition, the pressure is 
kept < lxlO '9 Torr, while during oxygen deposition, the pressure is kept < 5xl0"9 Torr. 
The cleanliness o f the cesium source and the oxygen gas line affect the activation 
process. The cesium source is degased to the turbopump before the bakeout, the 
cesium current is increased to 5-6 A for ~10 minutes to remove any contaminants on 
the source. The gas line is pumped and baked for -16 hours at 200 °C during the 
bakeout process. The cleanliness o f these activating elements can also change after 
each bakeout. Seasoning the chamber reduces the base pressure and keeps more 
cesium in the chamber which enhances the QE. Some samples showed a QE -9  % in 
response to 632.8 nm light after the first few activations. After few days under 
vacuum, the QE increased to -11 %. The hydrogen cleaning parameters can change
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during each cleaning process which accordingly affects the QH. The sample 
temperature can vary by ~30 °C for the same filament current depending o f the 
thermocouple mounting to the sample holder. The hydrogen pressure is kept 
between lxlO"6 Torr and 3x1 O'6 Torr. The cracker filament temperature is kept at 
-2000 °C, using 28 A dc current. The current value can change within 3 A which 
changes the filament temperature and the cracking efficiency. The sample to cracker 
distance is -10  cm and can change by ±2 cm, which affects the number o f hydrogen 
atoms hitting the surface o f the sample. The rod holding the sample holder was 
changed during the experiments and its length was varied by -2  cm.
The errors in the reflection high-energy electron diffraction (RHEED) measurements 
are mainly due to the stability in the filament current, accelerating voltage, beam 
current, and beam size. The filament current is always kept at 2.45 A, and the 
accelerating voltage is kept at 8-9 keV. The background noise and stability o f the 
CCD detector also affect the measurements o f the diffraction intensities by ±20 %.
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CHAPTER 5
SURFACE ROUGHNESS STUDIES OF GaAs USING RHEED 
AND APPLICATION TO NEA PHOTOCATHODES
5.1. Out-of-phase diffraction condition and sensitivity to surface 
roughness
Electrons reflected from the sample surface form a specular streak normal to the 
sample surface. The intensity profile along this streak provides information on the 
diffraction condition and the surface roughness. Figure 46 shows the electrons 
reflected from levels separated by one monolayer. If  the difference in the path length 
of the reflected electrons is an integral multiple of the electron wavelength ‘K, these 
electrons will interfere constructively, forming a maximum sharp specular streak 
limited by the instrumental response. This condition is called the Bragg, in-phase 
condition. In this case 2d sin 0i = n X, where d is the monolayer height, 6i is the 
angle o f incidence, and n is an integer. I f  the difference in the path length o f the 
reflected electrons is made such that 2d sin 9i = (n+1/2) X, the reflected electrons will 
interfere destructively, forming a specular streak with minimum intensity. This is 
called the out-of-phase diffraction condition. In this case, the specular streak is 
broadened depending on the surface steps.62,63
The RHEED streak intensity has two components. The first one is due to the long 
range order over the surface, and the next one is due to the surface steps, or 
roughness. The contribution o f each component to the streak intensity depends on
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Figure 46. The path difference between electrons d iffrac ted  from 
layers separated by a monolayer d equals to a multiple o f the 
wavelength in Bragg condition.
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the diffraction condition. In the in phase condition, the second component vanishes, 
and the streak intensity is insensitive to surface roughness. In the out-of-phase 
condition, the second component is maximum and the streak intensity is most 
sensitive to surface roughness.
5.2. Real and Reciprocal lattice of vicinal surfaces
A high quality vicinal surface consists o f terraces arranged in the form of a staircase. 
The terrace width depends on the surface misorientation. Figure 47 shows the real 
lattice with steps for a vicinal surface, separated by a monolayer d. The reciprocal 
lattice shown in Fig. 47 is given by the intersection of the reciprocal lattice rods, 
separated by 2ic/a, with the reciprocal lattice planes of the periodic step lattice, 
separated by 27C/L.64 When the electrons are incident at a Bragg angle, the reflected 
electrons are in phase and form a sharp peak. In the out-of-phase condition, the 
diffraction intensity is minimum, and the interference from the terraces causes peak 
splitting, as shown in Fig. 47. The split peaks separation determines the terrace, and 
the surface misorientation.65 If the terrace widths are nonuniform due to change in
(LfL
the terrace width, or step edge roughness, the individual peaks are broadened. ’
5.3. Angular profiles and determination of step edge roughness
When the electron beam is incident down the staircase of the vicinal surface, as shown 
in Fig. 48, the intensity profile along the (00) streak in the out-of-phase diffraction 
condition shows split peaks whose spacing is inversely proportional to the terrace width
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Case 1: Smooth terrace edges and 
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rough terrace edges
Figure 48. When the electron beam is incident down the staircase, the intensity 
profile o f the (00) streak in the out-of-phase condition shows split peaks whose 
spacing is inversely proportional to the terrace width of the vicinal surface. For 
variable terrace widths with smooth edges, (easel), and constant terrace widths 
with rough edges, (case 2), broadening o f  the peaks occur. For our experiment, we 
used GaAs 2° off 100, which produces an average terrace width o f-8 0  A.
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o f the vicinal surface. For our experiment, we used GaAs 2° off (100) direction, which 
produced an average terrace width o f -  73 A. The broadening o f the out-of-phase 
specular streak profile is due to either a change in terrace width, or step edge roughness, 
or a contribution from both. Two cases are defined, the first case is for smooth terrace 
edges and variable terrace width, while the second case is for constant terrace width, 
and rough terrace edges. Since the RHEED intensity depends on the width probability 
function, and the edge roughness probability function, the two cases lead to broadening 
in the specular beam profile.64 Accordingly, the step edge roughness cannot be 
determined when the electron beam is incident down the staircase. When the electron 
beam is incident parallel to the staircase, as shown in Fig. 49, the intensity profile 
depends on the step edge roughness. The ratio o f the background intensity to the peak 
intensity gives the percentage of the terrace with rough structure. The larger the wings 
in Fig. 49, the larger the edge roughness.64 For our sample, GaAs 2° off (100) direction, 
the background intensity to the peak intensity is —30 %. Accordingly, the terrace width 
changes due to edge roughness by -3 0  %.
In this chapter, we study the morphology of the GaAs(100) vicinal surface after 
atomic hydrogen cleaning using quantitative RHEED. The diffraction patterns in the 
out-of-phase condition are used to calculate the surface terrace width and the string 
length at the step edge. Surfaces prepared or revived by heating only and by atomic 
hydrogen prior to NEA activation are compared using RHEED. The ratio 
R  = ( I p - I b ) / I b ,  where Ip and are the RHEED peak and background intensities, 
respectively, is correlated to the quantum efficiency o f the photocathode.














Figure 49. When the electron beam is incident parallel to the staircase, the 
intensity profile o f the (00) streak in the out-of-phase condition provides 
information on step edge roughness. The ratio o f the background intensity (lb) 
to the peak intensity (Ip) equals to the amount o f edge roughness o f the terrace. 
For our sample, GaAs with 2° off (100), Ib/Ip =  amount o f edge roughness 
-3 0  %. [After D. Saloner, J. Martin, M. Tringides, D. Savage, C. Aumann, 
and M. Lagally, J. Appl. Phys. 61,2884 (1987)]
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5.4. Experiment
The work was carried out in a stainless steel UHV chamber, described in details in 
chapter 4, pumped by a 220 1/s ion pump, and a titanium sublimation pump to a base 
pressure o f ~4xl O'10 Torr. The GaAs sample is mounted on a molybdenum sample 
holder, and can be resistively heated up to 600 °C. The photocurrent is measured 
using a picoammeter by applying a negative voltage (-100 V) to the sample and 
collecting the photoelectrons by the chamber walls. The sample is facing the 
processing port which includes a cesium dispencer, a leak valve for introducing 
oxygen, a window to pass the laser beam, and the hydrogen thermal cracking source. 
The GaAs samples used are cut 2° off the (100) surface, Zn doped to provide a 
carrier concentration of ~1019 cm’3, and have an etch pit density from 
7200-9600 cm'2, as determined by the manufacturer. The GaAs sample is degreased 
in acetone and ethanol then loaded in the UHV chamber. The chamber is baked for 2 
days to achieve the required UHV. The GaAs sample is kept at —450 °C during 
baking to avoid contamination. The system is equipped with a reflection high- 
energy electron diffraction (RHEED) system. The electron beam energy is 9 keV. 
The sample manipulator provides the azimuthal rotation necessary to set the 
direction o f the electron beam incident on the crystal surface. The electron gun is 
mounted on bellows, and can be tilted to change the angle o f incidence of the 
electron beam. RHEED patterns are acquired by a CCD detector connected to a 
computer and a  video monitor. The hydrogen cracking source consists o f a tungsten 
filament inserted in a boron nitride tube. The molecular hydrogen is introduced through 
a leak valve and passes in the boron nitride tube where it gets partially dissociated and
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the atomic hydrogen is transported to the sample. The hydrogen pressure in the UHV 
chamber during the cleaning process is ~ lx l0 '6 Toir. The estimated dissociation 
efficiency is -3  % based on the filament temperature.47
5.5. Results and discussion
When the GaAs sample is heated to 500 °C for 3 hours, no RHEED pattern could be 
seen, only a halo, as shown in Fig. 50a. The absence of clear diffraction features is due 
to the thick layer o f amorphous oxide on the sample surface. The sample is then 
exposed to atomic hydrogen at lx l O'6 Torr for 3 hours, while kept at 450-500 °C. 
Figure 50b shows the RHEED pattern at the Bragg condition after hydrogen cleaning, 
the angle o f incidence of the electron beam is -1.5°. In this case, electrons reflected 
from adjacent regions interfere constructively leading to a  sharp specular beam. 
Figure 50c shows the RHEED pattern at the out-of-phase condition after hydrogen 
cleaning, the angle o f incidence is ~1.8°. In this case, electrons reflected from adjacent 
regions interfere destructively leading to a decreased intensity o f the specular beam. 
All patterns are taken at room temperature with the election beam incident along <031> 
direction, which is 18° off from the direction down the staircase,<010>. The measured 
RHEED rocking curve for the (00) streak (specular streak) o f the GaAs(100) vicinal 
surface obtained at room temperature after atomic hydrogen cleaning is shown in 
Fig. 51. The experimentally observed angles satisfying the in-phase condition are -1.4° 
and -2.5°, and the calculated ones are 1.3° and 2.6°, respectively. The error in the angle 
of incidence measurements is mainly due to the error in determining the distance 
between the transmitted beam and the specular reflection. In this experiment, the angle






Figure 50. RHEED patterns taken a t room temperaturewhen the 
electron beam is incident along (031) direction.
(a) After heating, (b) After hydrogen cleaning at the Bragg 
condition, (c) After hydrogen cleaning, at the out-of-phase condition.
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Figure 51. RHEED rocking curve o f the (00) streak for the hydrogen cleaned vicinal GaAs-2x4 reconstructed surface 
obtained at room temperature. The electron beam is incident along (031) direction.
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of incidence o f the electron beam was set between the two peaks corresponding to the 
out-of-phase condition at -1.8° Figure 52 shows the intensity profiles along the (00) 
streak for different incident angles. Due to surface steps, the (00) streak is split with an 
amount that depends upon the angle o f incidence.65 The intensity o f the two peaks of 
the specular streak changes with angle, being one maximum peak at Bragg condition 
and two smaller equal peaks at an out-of-phase condition. The foil width at half 
maximum (FWHM) o f that out-of-phase peak increases in the out-of-phase condition 
due to terrace width distribution and terrace edge roughness.66 For our sample, when 
the electron beam is directed down the staircase <010> direction, the spacing between 
the two split peaks in the out-of-phase condition is 0.185±0.054 A'1. Taking into 
account the instrumental response of 0.106±0.012 A*1, the vicinal terrace width of the 
GaAs(100) sample is 79±23 A, and the misorientation angle is —2.2°, which is 
consistent with the 2° off (100) direction determined by the manufacturer. The 
instrumental response is obtained from the FWHM o f the (00) beam at the in-phase 
condition. The intensity profile across the (00) rod gives information on kinks and 
meanders at the step edge.67 Meanders refer to a turning or winding o f the step at its 
edge, increasing the step-edge roughness. For the studied GaAs(100) surface, the 
FWHM o f the intensity profile across the (00) beam is 0.279±0.035 A'1, and taking 
into account the instrumental response 0.227±0.03 A'1, the measured average string 
length is ~135±23 A
Next, the out-of-phase specular RHEED intensity and quantum efficiency (QE) of 
hydrogen cleaned surfaces, after cesium-oxygen activation, are compared with those 
for heat cleaned surfaces at different temperatures. The heat cleaned sample was
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Figure 52. Intensity profiles obtained from vicinal GaAs-2x4 reconstructed surface 
after hydrogen cleaning. The electron beam is incident along (031) direction.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
114
originally hydrogen cleaned and then intentionally contaminated by keeping it at 
room temperature during the chamber bakeout. For a clean surface, the presence of 
surface defects in the form o f adatoms or surface vacancylike contributes to a decay 
in the RHEED intensity. For a contaminated surface, if  the contaminants are 
randomly oriented, these contaminants will also reduce the elastically scattered 
RHEED intensity. Maximum intensity of the out-of-phase diffraction streak 
corresponds to a smooth clean surface, while lower intensities correspond to rougher 
or contaminated surfaces.68 In the out-of-phase diffraction condition, the ratio 
R = ( Ip - lb ) /  lb, where Ip is the peak intensity, and lb is the background intensity, is 
inversely proportional to the surface defects, either roughness or contaminants.67 
Figure 53 shows the RHEED intensity R=( Ip - lb ) /  lb and QE after healing at 
temperatures up to 600 °C, represented by white circles and squares respectively. At 
each point, the GaAs sample is heated to the indicated temperature for one hour. 
When cooled down to room temperature, the RHEED pattern is acquired and the QE 
is measured. No pattern could be seen when the sample is heated at temperatures 
below 550 °C due to the thick layer o f amorphous oxide on the GaAs surface. The 
maximum specular RHEED intensity obtained for heat cleaned surfaces is R~0.15 
after heating at 600 °C. This surface produces a QE o f ~3 % in response to 632.8 nm 
light. The RHEED intensity and the QE of the hydrogen cleaned surface at —500 °C 
for 3 horns are represented by the black circle and square, respectively. The 
maximum specular RHEED intensity for this surface is R—0.7, and the QE is —9 % in 
response to 632.8 nm lig h t The higher out-of-phase specular RHEED intensity after 
hydrogen cleaning (R -0.7) compared to (R-0.15) after heat cleaning indicates that
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Figure 53. Hydrogen cleaned surface produces a QE -9  %, and (00) streak intensity -0.7 compared to QE -3  %, 
and (00) streak RHEED intensity -0.15 for hydrogen cleaned surface heated at 600 °C. No RHEED pattern is 
observed when the surface is heated at temperatures below 550 °C due to the thick layer of amorphous oxide on 
the surface of the sample. The electron beam is incident along (031) direction, and the diffraction is in the out- 
of-phase condition.
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hydrogen cleaned surfaces have less surface defects and contaminants. We repeated 
the experiment with a fresh sample which was never hydrogen cleaned or chemically 
etched. The sample was heat cleaned at different temperatures up to 660 °C. The 
specular RHEED intensity R was -0 .1 , and the QE o f the photocathode when 
activated to  NEA did not exceed -0.01 %.
Next, the out-of-phase specular RHEED intensity is monitored during cesium- 
oxygen deposition, and during cesium-oxygen desorption by heating and removal by 
exposure to  atomic hydrogen. Figure 54 shows the RHEED intensity R o f the out- 
of-phase (00) diffraction streak as an initially smooth, clean surface. W ith cesium- 
oxygen codeposition, the RHEED intensity drops from R -0.7 to R -0.1. Cesium is 
applied for 5 minutes, and the deposition rate is controlled by maintaining the 
pressure at -lx lO '9 Torr. Oxygen is applied for -30 sec using a leak valve, while the 
pressure is maintained at 5x10"9 Torr. Cesium and oxygen are then desorbed by 
exposure to  atomic hydrogen for 1 hour. The RHEED intensity increases during the 
desorption process and gets back to its original value when the surface is cooled 
down to room temperature. When activated to NEA by the co-deposition o f cesium 
and oxygen, this surface produced a QE -9  %. The experiment is repeated and 
cesium-oxygen are desorbed by heating only at 500 °C. The RHEED intensity 
increases with heat desorption, but when the surface is cooled down to room 
temperature, the RHEED intensity is R-0.3 compared to R-0.7 when exposed to 
atomic hydrogen. The higher RHEED intensity after atomic hydrogen exposure can 
be attributed to complete cesium-oxygen removal. When activated to NEA, this 
surface produced a QE —6.2 %. The higher out-of-phase RHEED intensity after
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Figure 54. Normalized RHEED intensity o f  the (00) streak for the RHEED pattern o f vicinal GaAs 2x4 reconstructed surface. 
The electron beam is incident along (031) direction, and the diffraction is in the out-of-phase condition.
Minute 1 to minute 5: co-deposition o f cesium and oxygen, minute 5 to minute 65: cesium-oxygen desorption by heating and by 
atomic hydrogen exposure, minute 65 to minute 125: the surface is cooled down to room temperature.
Cesium-oxygen desorption using atomic hydrogen produces higher out o f phase RHEED intensity and higher QE photocathodes.
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hydrogen exposure (R-0.7) compared to (R-0.3) after heating only indicates that 
hydrogen exposed surfaces are smoother and have less surface defects.
After hydrogen cleaning, the surface showed an out-of-phase RHEED intensity 
R -0 .7 . It was then activated to NEA using cesium and oxygen, and produced -9  % 
QE. When the QE dropped w ith time to -2  %, the surface was then revived by 
heating to 500 °C for 3 hours. The surface showed a RHEED intensity R -0.2, and 
when activated to NEA, produced a QE -3.5 %. When the QE dropped with time to 
-  1%, the surface was then revived by atomic hydrogen exposure at 500 °C. The 
surface showed a RHEED intensity R -0.7, and when activated to NEA, produced a 
QE -8 .5  %. This result shows that hydrogen exposure is effective in the initial 
cleaning of the surface and in reviving the photocathode and cesium oxygen removal 
after the QE drops with time. Moreover, it shows a qualitative relation between the 
RHEED intensity R with the measured QE after surface activation to NEA. 
Figure 55 shows a  linescan along (00) streak in the out-of-phase diffraction condition 
after hydrogen and heat reviving.
After hydrogen cleaning, the surface was annealed at temperatures up to -650 °C. 
The RHEED patterns remain streaky, and the streak intensity compared to the 
background intensity does not change before and after heating for patterns taken at 
room temperature. This result indicates that the surface vacancy density does not 
change with heating up to -650 °C. This result confirms that surface roughening 
which occurs during the heat cleaning of oxidized surfaces is associated with the 
oxide desorption.41 When activated to NEA, the annealed surfaces produced QE
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Figure 55. Reviving by atomic hydrogen produces higher out-of-phase RHEED intensity, 
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Figure 56a. The RHEED intensity profile along (00) streak in the out-of phase 
























  After annealing at 650 °C, QE ~9 %
 Before annealing at 650 °C, QE ~9 %
260 280220 240200160 180
Pixels
Figure 56b. The RHEED intensity profile across (00) streak in the out-of-phase diffraction 
condition and the QE o f the photocathode do not change after annealing at 650 °C.
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7-9 %. Figure 56a and 56 b show Iinescans along and across (00) streak in the out- 
of-phase diffraction condition, before and after annealing at 650 °C.
We performed hydrogen cleaning at different temperatures. Figure 57a and 57b 
show Iinescans along and across the (00) streak in the out-of-phase diffraction 
condition, after atomic hydrogen exposure at 500, 550, 600, and 650 °C. The 
RHEED patterns were taken after cooling the sample to room temperature. The split 
peak spacings increase at 550, 600, and 650 °C by 11 %, 20 %, and 37 %, 
respectively compared to  the split peak spacing at 500 °C, which corresponds to that 
o f the vicinal surface. The increase in the split peak spacing is attributed to the 
decrease in the mean terrace width due to the increased edge roughness at high 
temperatures. Preferential etching o f the edges increases with the increase in the 
sample’s temperature during atomic hydrogen exposure. The ratio R = ( I p -Ib) / Ib,  
increases with the sample's temperature from 0.7 after cleaning at 500 °C to 0.73, 
0.94, and 1.35 when cleaning at 550, 600, and 650 °C, respectively. The increase in 
the ratio R  corresponds to a decrease in the surface defects in the form o f adatoms or 
surface vacancylike. Hydrogen atoms remove the surface contaminants, then the 
surface defects are removed by surface atom migration.68 When activated to NEA, 
these surfaces produced QE of 7-9 % with the observed increased edge roughness 
and decreased surface defects showing no effect on the QE. We repeated atomic 
hydrogen cleaning for the same sample at temperatures 400, 450, 500, 550, 600, and 
650 °C. Figure 58 shows the linescan along (00) streak in the out-of-phase 
diffraction condition. Table 1 summarizes the change in R  and the split peak 
spacings in the two experiments.
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Figure 57a. Linescans along (00) streak alter atomic hydrogen exposure at temperatures 500, 
550, 600, and 650 °C. The split peak spacing increases at higher temperature due to the 
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Figure 57b. Linescans across the (00) RHEED streak after atomic hydrogen exposure at 
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Figure 58. Linescans along (00) sterak after atomic hydrogen cleaning at different 
temperatures, second experiment.
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Table 1. RHEED intensity and split peak spacing after atomic hydrogen cleaning.
Experiment 1




500 0.7 26 79
550 0.7 28 73
600 0.9 31 66
650 1.4 35 59
Experiment 2








The error in determining the terrace width is mainly due to the error in determining 
the split peak spacings. The intensity along (00) streak shows split peaks which are 
almost flat for ~3 pixels. To reduce the error, the peak location is determined by 
calculating the center o f the profile at 10 points, then averaging them. The other 
source o f error is the instrumental response which is subtracted from the split peak 
spacing. The instrumental response is basically due to the variation in the energy, 
and focus of the electron beam. The error in determining the string length is mainly 
due to the instrumental response and the error in measuring the FWHM o f the 
intensity profile. The instrumental response is subtracted from the FWHM. The 
total error equals ((error l)2 + (error 2)2)1'7, where error 1 is the measurement error, 
and error 2 is the instrumental response error.
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CHAPTER 6 
PULSED LASER DEPOSITION OF InP THIN FILMS 
6.1. Introduction
Pulsed Laser Deposition (PLD) is a conceptually simple technique for thin film 
growth. A focussed laser beam is used to evaporate a rotating target forming a 
plume which gets deposited on a substrate held few cms from the target The film 
growth can be held either under vacuum or in a background gas.69*73 
When the laser energy is absorbed by a solid surface, this energy is converted into 
thermal, chemical, and mechanical energy which causes evaporation, ablation, and 
plasma formation. The evaporated plume contains atoms, molecules, electrons, ions, 
clusters, and micron-size particulates.74’73
PLD has many advantages including congruent evaporation which makes it useful to 
grow complex structures, like high-temperature superconductors. It has also been 
used to grow metals, semiconductors, ferroelectrics, magnetic materials, and 
polymers. The main disadvantages o f PLD are the non uniformity o f the grown film, 
and the presence of surface particulates.69"73
6.2. Laser target interaction
The laser target interaction includes three absorption mechanisms.74,73 The 
contribution o f each mechanism depends on the type o f the material. Absorption by 
the electrons and phonons in the lattice dominates in the dielectrics, while absorption
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by free carriers dominates in metals. In semiconductors, the absorption is mixed 
between the two mechanisms.
The interaction between the laser and the plume can also affect the properties of the 
evaporated plume. The plasma temperature is elevated due to the laser interaction, 
and the ablated species become more energetic. This interaction can improve the 
growth mechanism by increasing the mobility o f the surface adatoms.
6.3. Disadvantages of PLD
PLD has two major disadvantages:74,75 the first one is the lack of uniformity o f the 
deposited film, and the second one is the splashing which causes the formation of 
particulates in the plume and the deposited film. The lack o f uniformity is basically 
due to the angular distribution o f the plume. However, it can be eliminated by 
rastering the laser beam on the sample surface or by rotating the substrate. The 
splashing problem is more difficult to eliminate. It affects the quality o f electronic 
devices since it reduces the carrier mobility and lifetime. It also affects the quality o f 
deposited optical films.
Several mechanisms cause splashing.75 The first mechanism occurs when the 
subsurface layer is superheated before the surface is evaporized, micron-sized molten 
particulates are emitted from the target and deposited on the substrate. The second 
mechanism is due to the shock wave o f the plume which induces a pressure on the 
surface leading to the liberation o f particulates. The third mechanism is due to the 
surface morphology o f the target. The surface roughens due to the repetitive laser
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ablation, forming sharp micron-sized features on die surface which break and get 
deposited on the substrate.
Several methods have been developed to reduce the particulates on the grown film. 
Mechanical filters which remove the slow moving particulates are used. Particulates 
can also be removed by intersecting the ablation beam with a second delayed and 
crossed beam which destroys the particulates. Also, the use o f a molten target, 
which is always kept smooth helps eliminating the particulates.
6.4. Effect of processing parameters on PLD
6.4.1. Laser fluence
The laser fluence strongly affects the presence o f particulates.74’75 For the same 
material, and using the same wavelength, the density and size o f particulates increase 
with the laser fluence. There is always a threshold fluence above which the number 
and size of particulates increase significantly. The laser fluence can be changed by 
changing the laser power or the spot size. For the same power level, the smaller the 
spot size, the larger the number and size o f particulates.
6.4.2. Laser wavelength
The laser wavelength also affects the presence o f surface particulates.74"76 UV lasers 
produce less particulates than ER ones. The penetration depth o f the UV wavelength 
is less than the IR, and accordingly it does not create deep and large grooves in the 
target surface, as in the case o f IR. This helps to keep a smooth target surface, which 
reduces the size and number o f particulates. CO2 lasers produce amorphous films or
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films with low crystalline quality.76 Ruby lasers produce polycrystalline films,76 
while excimer lasers can produce single crystal films.69
6.43. Laser pulse duration
Short pulses are always preferred to produce congruent evaporation.74,75 Short 
pulses reduce the thermal diffusion length and keep it less than the thickness o f the 
ablated layer. This condition produces congruent evaporation, and accordingly 
stoichiometric films.
6.4.4. Ambient gas pressure and target-substrate distance
The presence o f an ambient gas causes more collisions of the ablated species with 
the gas molecules. These collisions cause scattering and broadening of the angular 
distribution o f the plume.71,74,75
As the target-substrate distance increases, the number and size of particulates 
decrease. However, when the distance increases beyond the length o f the plume, the 
adhesion o f the ejected species to the substrate becomes poor.
6.4.5. Vacuum quality
The vacuum quality plays an important role in the quality o f the deposited film.75 
Impurities existing in the vacuum system like H2O, CO, CO2, and H2 are 
incorporated in the grown film. For a deposition rate of 5 A/s, the impurity arrival 
rate at the substrate is ~3 orders o f magnitude less than the arrival rate o f the 
deposited film , if  the base pressure is ~10'9 Torr. For the same deposition rate, i f  the
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base pressure is raised to Hf6 Torr, the impurity arrival rate is only half that of the 
deposited film.
6.5. PLD of semiconductors
PLD is an attractive growth method o f semiconductors. The congruent evaporation 
o f the target allows to grow complex epitaxial semiconductors by ablating a fixed- 
composition target. Ternary and multinary I-III-VI compounds provide a wide 
variety o f semiconductors with different energy bandgaps and lattice constants for 
optoelectronic applications. The doping concentration of the grown film is 
controlled by using a doped target or by including a dopant ambient gas. The low 
deposition rate o f PLD (0.1-10 A) can be used to change the layer composition 
instantly by changing the targets. The energetic species in the plume with high 
kinetic and potential energy increase the sticking coefficient and the adatom surface 
mobility which enhances film nucleation at low substrate temperatures.74 
The main limitations o f PLD for the growth of semiconductors are the particulates 
problem and the energetic species which cause lattice displacement and defects. 
Point defects concentrations o f 1 part in 104 can prevent electrical activation of 
dopant atoms. High purity powder targets are used maintain a smooth target surface 
during ablation to reduce the size and number o f particulates, and background gases 
are used to control the kinetic energy o f the ablated species to reduce the defects.71,74 
PLD has been used to grow epitaxial II-VI compound semiconductors, ZnS, ZnSe, 
CdS, CdSe, and CdTe on GaAs and InP substrates for optoelectronics 
applications.70'73 Stoichiometric films are obtained under vacuum and using a
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background gas. The gas-phase collisions enhances the stoichiometry by improving 
the angular distribution o f the ablated species. Energy dispersive x-ray (EDX) 
analysis, and Auger Electron Spectroscopy are used to study the chemical 
composition o f the grown films.69
The substrate temperature, laser fluence, deposition rate, substrate-film lattice 
matching affect the crystalline quality o f the deposited film. Optimum crystalline 
films are obtained at substrate temperature —300 °C.71 Lower temperature produces 
films with lower crystalline quality, while higher temperature produces film s with 
deficiency in group VI. High deposition rates cause defects and bad surface 
morphology because atoms on the surface do not have enough time to migrate to the 
right positions. Lower laser fluence produces higher quality films. The best lattice 
matched film substrate combinations show the highest degree o f crystalline quality 
as indicated by small x-ray rocking curves. The ambient gas pressure also affects the 
crystalline quality o f the film. ZnTe films over GaAs substrates showed streaky 
RHEED patterns at 25 mTorr N2, with the streaks turning gradually to spots, as the 
background pressure increases to 100 mTorr.74 This change in the RHEED pattern 
reflects the change in the surface morphology from a  highly ordered 2D surface at 25 
mTorr to a less ordered 3D surface at 100 mTorr. CdS films grown on InP substrates 
showed decreased x-ray rocking curve FWHM, as the background argon pressure 
decreased from 200 mTorr to 8 mTorr.71 However, the substrate-target distance 
should be increased at lower pressures. The use o f a background gas is beneficial for 
the growth o f epitaxial semiconductors. However, the pressure needs to be 
optimized. At low pressure, the kinetic energy o f the ablated species is high which
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
133
induce defects in the grown films. At high pressures, cluster formation in gas-phase 
collisions and subsequent cluster deposition affect the crystalline quality o f the films. 
Doping o f the grown films is performed by incorporating the dopant atoms in the 
ablation target, or by using a low-pressure ambient gas.74 Films with high carrier 
concentration, and high carrier mobility with low defects concentrations are required 
for many device applications. Li;jN or In powders are used to obtain II-VI 
compounds with p-type and n-type doping, respectively. CdS:Li p-type films were 
obtained with 11 % Li in the ablating target These films showed a hole 
concentration p ~ l.lx lO 17 cm '3 and mobility jap ~ 9.8 cm2 /  V.s. CdS:In n-type films 
were obtained with 9 % In in the ablating target These films showed an electron 
concentration in the mid 10"20 cm'3. The carrier mobility o f these films is ~0.5-0.65 
the carrier mobility of single crystal CdS.74 Doping from an ambient gas was used to 
grow p-ZnTe:N films by ablating a pure ZnTe target in nitrogen gas, and in a 
nitrogen-argon mixture. Film s grown in pure argon were electrically insulating, 
however, film s grown under argon-nitrogen mixture showed increased hole 
concentration with nitrogen partial pressure. A hole concentration o f 1020 cm'3 is 
obtained.74 The nitrogen doping mechanism is mainly due to the kinetic energy 
enhanced reactions of Zn atoms with N2 either by forming Zn-N compounds or by 
dissociating the N2 molecules adsorbed on the film surface. Low temperature 
photoluminescence is used to identify the bandgap radiation and impurities in the 
grown films.71
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PLD has also been used to grow epitaxial semiconductor alloys with variable 
composition. For example, ZnSei-xSx, can be grown with variable x by using H2S as 
a background gas, and changing its pressure to control x .76
GaN over sapphire, 0.5-1.5 pm, has also been grown using PLD at 1-10 mTorr.77 
The optical transmission spectra indicated showed a bandgap of 3.4 eV for the 
deposited films. The crystalline quality o f the film was investigated using x-ray 
diffraction, Rutherford backscattering spectra, and ion channeling techniques. Films 
grown at substrate temperature —950 °C showed x-ray rocking curve and Rutherford 
backscattering signal comparable to films grown by Metal Organic Chemical Vapor 
Deposition. Films grown at lower temperatures (-850 °C) showed wider x-ray 
rocking curves and poor ion channeling indicating lower crystalline quality.
Ge films were grown on GaAs(lOO) substrates at -10*9 Torr.72 Films grown at 
temperatures higher than 300 °C were single crystal as indicated by the electron 
channeling technique. Hall measurements o f thin film Ge deposited by PLD showed 
a carrier mobility -50  % of that o f the bulk Ge. Single crystal Si films were grown 
on Si substrates at 700 °C.
ni-V  semiconductors GaP, GaAs, and GaSb were grown using CO2, and ruby 
lasers.78 Films deposited using CO2 laser were amorphous and non-stoichiometric, 
and films grown using ruby laser were stoichiometric and polyctystalline.
6.6. PLD system
The pulsed laser deposition system uses an excimer laser, XeCl, which produces 
-25  mJ/pulse, — 30 ns laser pulses. The vacuum system is shown in Fig. 59 and is































Figure 59. Ultrahigh vacuum system for pulsed laser deposition including RHEED and RGA.
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pumped using an ion pump and a titanium sublimation pump to reach a base pressure 
~4xlO'10 Torn The system is roughed using a turbo molecular pump. The substrate 
is mounted on a Heating stage which can heat the substrate up to  800 °C. The 
substrate, heater and mounting stage are held on aa axial rotatable manipulator. The 
substrate faces the target which rotates at 10 rpm. The system includes an electron 
gun and a phosphor screen to acquire RHEED patterns o f the deposited film, and is 
equipped also with a residual gas analyzer.
6.7. Results
Thin films InP were grown on sapphire and GaAs(100) substrates. Sapphire samples 
were simply degreased in ethanol before loading them in the chamber. GaAs(100) 
substrates were hydrogen cleaned in a different ultrahigh vacuum system for 3 hours 
at a pressure of lxlO"6 Torr, while kept at 450 °C to  remove the oxide and surface 
contaminants, then moved to the PLD chamber within 3 hours. RHEED patterns 
acquired after the cleaning process showed clean reconstructed GaAs(100) 2x4 
surface. After installing the substrate in the PLD chamber, the deposition is 
performed using a laser fluence o f ~0.5 J/cm2, and target to substrate distance -5  cm. 
The deposition parameters including the ambient pressure, the substrate temperature, 
the laser repetition rate, and the deposition time are varied according to Table 2. The 
grown films are then characterized using scanning electron microscopy (SEM), 
energy dispersive x-ray (EDX), and reflection high energy electron diffraction 
(RHEED). Figure 60 shows SEM micrographs o f samples a-h. The number of

















Table 2. Summary of thin films InP samples deposited on sapphire and GaAs(100) substrates.














a Bulk InP 1 1






25 Hz One hour 0.98 0.86 Smooth target 
New wafer.






25 Hz One hour 0.25 micron 0.76 0.67




25 mTorr argon 25 Hz One hour 0.6 micron 0.88 0.99
e InP over 
sapphire
300 25 m Torr 
argon
25 Hz 1.5 hour ........................ — 0.99 0.92
f InP over 
GaAs
300 25 mTorr 25 Hz 1.5 hour 0.65 0.64 Spotty
RHEED
pattern.
g InP over 
GaAs
300 10'•Torr 5 Hz 3 hours 1 micron 0.53 0.49 Streaky
RHEED
pattern.
h InP over 
GaAs
ISO 10'10Torr 5 Hz 3 hours 0.63 0.67
- GaAs substrates were hydrogen cleaned before the deposition.
- The laser fluence was fixed at ~0.5 J / cm2.
- The target to substrate distance was fixed at ~5 cm. 137
Figure 60. SEM micrographs of samples a, b, c, d, £ g, and h of Table 2.
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particulates is significantly decreased when a new wafer (smooth target) is used as in 
Fig. 60a, and when the laser repetition rate is decreased to 5Hz, as in Fig. 60g and 
Fig. 60h. Figure 61 shows EDX spectra for the same samples. Sample a is the bulk 
InP, and is used for comparison. Thin film samples show la and P peaks comparable 
to that o f the bulk InP ones, which indicates that the chemical composition of the 
thin film is almost the same as the bulk The equal peaks of In and P inducate that 
the evaporation o f the target is congruent The chemical content o f the films shown 
in Table 2 are calculated from the elements peaks since all have same width. When 
using sapphire substrates, an aluminum and increased oxygen peaks appear, while 
when using GaAs substrates, gallium and arsene peaks appear. Thin film InP grown 
on sapphire either at room temperature or at 300 °C did not show any diffraction 
features in the RHEED pattern, which might be explained by the large lattice 
mismatch between sapphire and InP. Thin Films InP grown on GaAs(100) substrates 
showed RHEED patterns for samples grown at 300 °C. A spotty RHEED pattern 
was obtained from sample £ grown at 25 Hz laser repetition rate, and 25 mTorr 
argon. A streaky RHEED pattern was obtained from sample g, grown at 5 Hz laser 
repetition rate, and under 10 "* Torr pressure. Figure 62 shows RHEED patterns 
taken at different spots o f the sample in the (031) direction. Figure 62a shows a 
pattern with reflection features indicating a high quality smooth surface. Figure 62b 
shows a pattern with transmission features indicating a rougher surface. The change 
in the surface morphology of the deposited films is one of the PLD disadvantages 
which is the lack o f uniformity. One solution to this problem is rotating the substrate 
during the deposition process.




Figure 61. EDX spectra o f samples a through h o f Table 2.
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(a)
Figure 62. RHEED patterns o f InP deposited on GaAs( 100). (a) Reflection pattern, 
(b) Transmission pattern.
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Figure 63. Room temperature PL spectrum of bulk Inp, and thin film.
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Photoluminescence (PL) measurements at room temperature for thin film InP 
deposited on GaAs, and bulk InP, are shown in Fig. 63. The energy bandgap 
radiation o f InP corresponds to a photon wavelength o f 980 nm. However, the (PL) 
signal o f the bulk sample peaks at 920 nm, which might be due to the silicon detector 
used. The thin films deposited by PLD do not show the InP bandgap radiation. 
However, the spectrum is dominated by the GaAs substrate bandgap radiation 
(880 nm). Since the thin film InP samples show chemical compositions comparable 
to  that o f bulk InP, we conclude that the absence o f bandgap radiation o f the thin 
film  samples is due to the cutoff wavelength o f the silicon detector. We attempted to 
activate the grown films to negative electron affinity (NEA) by the deposition o f 
cesium and oxygen. However, we obtained very low photosensitivity. The presence 
o f particulates and lattice defects in the films is known to reduce the minority carrier 
lifetime and the electron mobility which affect the surface photosensitivity.
In conclusion, we deposited thin film InP over sapphire, and GaAs(lOO) substrates. 
GaAs(100) samples were cleaned using atomic hydrogen prior to the deposition 
process. SEM micrographs show that smooth surfaces with small number o f 
particulates are obtained at a  low repetition rate o f the laser, and by using a smooth 
target surface. Parts o f the film show transmission RHEED patterns, while other 
parts show reflection ones. However, this problem can be overcome using a 
rotatable substrate. The EDX spectra show that the chemical compositions o f the 
films are comparable to that o f the bulk InP. When activated to NEA, the films 
showed very low photosensitivity, due to the lattice defects and particulates in the 
deposited films, which reduce the minority carrier lifetime and the electron mobility.




This research has made contributions to the field o f negative electron affinity (NEA) 
photocathodes, in the area o f experimental surface preparation and the understanding 
o f the surface structure and morphology.
Two atomic hydrogen sources were constructed, a helical resonator discharge and a 
thermal cracking source. The atomic hydrogen cleaning is an efficient way for the 
surface preparation prior to activation to NEA. Atomic hydrogen cleaning reduces 
the cleaning temperature o f GaAs and InP substrates below the congruent 
temperature, which preserves the group V stabilized surface necessary for NEA 
activation. Low temperature cleaning is also attractive in the preparation o f strained 
layer photocathodes, which produce the highest electron polarization. The strained 
layer is strongly affected by high temperature, which leads to the formation o f 
dislocations, and strain relief. In addition, atomic hydrogen cleaning removes all 
contaminants including hydrocarbons, which increases the quantum efficiency (QE) 
o f the photocathode. QE values o f ~13 %, and —8.5 % were obtained for GaAs and 
InP, respectively, in response to 632.8 nm light. Atomic hydrogen eliminates the 
chemical cleaning process which can etch thin film photocathodes.
The mechanism for photoemission decay w ith time was investigated. Reducing the 
base pressure, the electron accelerating voltage, the light and photocurrent intensities 
increases the photocathode lifetime. Continuous cesiation after the activation 
process also enhances the photocathode lifetime.
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Reflection high energy electron diffraction was used to study the surface structure, 
morphology, and cleanliness. Heat cleaned surfaces show a halo with weak 
diffraction features indicating the presence o f a  thick layer o f amorphous oxide. 
These surfaces produce low quantum efficiencies when activated to NEA. Hydrogen 
cleaned surfaces show 2x4 reconstruction patterns for both GaAs and InP, which 
indicates that the surface is a group V terminated one. These surfaces produce high 
quantum efficiencies when activated to NEA. RHEED was also used to study the 
surface defects in the form o f roughness or contaminants after heat cleaning and 
hydrogen cleaning. The out-of-phase diffraction patterns which are the most 
sensitive to surface roughness were compared in both cases. Hydrogen cleaning 
produced surfaces with less defects. The out-of-phase diffraction patterns were also 
used to calculate the terrace width and string length of the vicinal surfaces.
A pulsed laser deposition system was constructed. The system uses an excimer laser, 
XeCl (308 nm) pulses to deposit thin film InP over sapphire and GaAs(100) surfaces. 
The deposited films show transmission and reflection diffraction patterns indicating 
different degrees o f roughness at the surface. SEM micrographs show surfaces with 
different particulate densities depending on the deposition parameters. Energy 
dispersive x-ray measurements show that the deposited films have chemical 
compositions comparable to that o f bulk InP. The deposited films, when activated to 
negative electron affinity did not show high photosensitivity. The main reason 
should be the presence o f lattice defects which decrease the minority carrier lifetime 
and the electron mobility.
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1. The cesium source is a  SAES Getters dispencer.1 It consists of a mixture of 
cesium chromate and Zr-alloy. The Zr-ailoy acts both as a reducing agent to 
generate cesium from the chromate and as a gettering material to sorb the 
chemically active gases produced during the reduction reaction.
2. The cesium source is mounted on one o f the 2.75” flange ports on the 8” 
processing port facing the sample.
3. As shown in Fig. A l, the cesium source is attached to the electrical feedthrough 
through two sleeves.
4. The cesium source must be mounted such that the slit is facing the sample.
5. The source is heated using the BK PRECISION power supply. The cesium starts 
to evaporate when the current exceeds 4 Amps. However, the current can be up 
to 6 Amps depending on the deposition rate and the distance between the sample 
and the source. The distance between the cesium source and the sample is 
~5 cm.
6. After opening the chamber, the cesium source must be degased to the turbo pump 
by passing 5 Amps current for few minutes. This step reduces the increase o f the 
pressure during the sample cesiation.
7. During the bakeout, the cesium current is kept at 3 Amps to avoid contamination.
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8. During photocathode activation, the cesium current is increased gradually from 3 
Amps to  5 Amps in ~ 2 minutes to avoid a sudden pressure increase.
9. The highest quantum efficiency photocathodes were obtained with fast initial 
cesium deposition. The photocurrent increases from zero to maximum in 1-2 
minutes then goes down. When the photocurrent drops to 90 % o f its maximum 
value, the cesium current is dropped to 3 Amp, which effectively terminates 
cesiadon, and the oxygen leak valve is opened. This step increases the pressure 
and reduces the photocurrent When the photocurrent reaches 10 % o f its 
maximum value, the oxygen valve is closed and the cesium is evaporated again 
( I cesium = 5 Amps ). This is known as the yo-yo technique,2,3 and is repeated 
to obtained further photocurrent peaks. The procedure is repeated until no 
further photocurrent increase is observed.
10. The cesium source is stored in a descicator, pumped using a mechanial pump to 
minimize contamination.
11. The cesium source can be used for several activations (more than 100 times). In 
fact, no long term changes in the source could be seen to give an indication about 
the degradation o f the source. Many sources were used for several months 
without any degradation in the performance.
12. For continuous cesiadon during lifetime measurement, the cesium current should 
be optimized to maximize the photocurrent
13. Cesium part number is: CS/NF/8/25/FT 10+10
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Figure A l. The cesium source is mounted on a 2.75” flange 
feedthrough




1. The hydrogen cracker source is mounted on a 2.75” flange port.
2. The source is placed ~10 cms from the sample during the cleaning process.
3. The source feedthrough is connected to the HP power supply.
4. 11 V, 28 A supply parameters cause a filament temperature o f -  2000 °C.
5. The filaments are bought from R. D. Mathis.1 The filament is 4.75” long, 0.03” 
tungsten wire diameter, and has 32 coils. The boron nitride is bought from 
Carborandum.2 The tube is 100 mm long, 4 mm internal diameter, and 8 mm 
external diameter. The tube is cut to these dimensions by Carborandum.
6. During bakeout, the source current is kept at 10 Amps., however it should be 
increased to 30 Amps for 1 hour for degasing.
7. The hydrogen gas line is baked when first installed by heating to 250 °C while 
opening the leak valve.
8. Always keep the hydrogen regulator at 30 psi and check this value regularly to 
make sure there are no leaks in the line.
9. During hydrogen cleaning, the chamber is filled to 1-5 x 10"6 Torr hydrogen as 
measured using the Perkin Elmer ion pump controller. At this pressure, the 
controller current is — 4-6 mAmp. After closing the hydrogen leak valve, the 
pressure in the chamber recovers and gets back to its original value in -2-3
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hours. Evaporating titanium for 1-2 minutes at 52 Amps can expedite the 
process of pressure recovery.
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1. Before operating the laser, make sure that the cooling water is circulating and 
that the mechanical pump exhaust line is connected to the hood.
2. The Lumonics1 excimer laser works with XeCl gas purchased from Spectra 
Gases.2 The gas is purchased as a premixed gas and consists of 0.2 % HCL, 1 % 
Xenon, and balance helium, research grade 99.999 % purity.
3. The laser cavity and the gas line are pumped using a mechanical pump to few 
mTorr, an external gauge is used to measure the pressure in the cavity during the 
pump down process. Allow 30 minutes pumping to ensure that the laser cavity 
has been cleared from the contaminants.
4. The operating pressure o f the XeCl gas in the cavity is ~42 psi, (never exceed 45 
psi). Before opening the gas valve, make sure the valve between the low range 
and high range gauges of the laser is closed. OTHERWISE, THE LOW RANGE 
GAUGE WILL BE DESTROYED. The low range gauge is used only if separate 
gases (not a premixed gas) are used.
5. An external pulse generator is normally used to operate the laser. The pulse 
generator output is also connected to an oscilloscope to determine the repetition 
rate. For lowest jitter, the suggested trigger pulse is +20 V, 1 jisec wide.
6. The excimer laser should be passivated approximately every month using a 5 % 
HC1, and balance helium. The same regulator is used for both the lasing gas and
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the passivation gas. Passivation is performed simply by filling the laser cavity 
with the passivating gas at ~30 psi and leaving it without operating the laser for 1 
or 2 days. Figure C l Shows the output laser power at 25 Hz before and after 
passivation. After passivation, the laser output power is almost constant for —3.5 
hours, compared to only 25 minutes before passivation.
7. An operating frequency of -25-30 Hz, and a thyratron voltage o f 40 kV, produce 
a laser pulse energy -  25-30 mJ.
8. Figure C2 Shows the laser output power at 25 Hz as a function o f the thyratron 
voltage. The laser output power increases with the thyratron voltage up to 
40 kV.
9. The FWHM o f the laser beam at the focal point o f a 30 cm lens was measured 
using a burnt paper and was found -3  mm.
10. The pulse width o f the laser beam was measured using a photodiode and was 
found to have a FWHM -32  ns.
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1. The image analysis system shown in Fig. D1 is used to acquire and process 
RHEED patterns. The CCD detector is placed in front of the phosphor screen 
and is connected to a computer and a video monitor. The software used for 
image analysis is KSA300 supplied by K-Space1.
2. System C alibration
The system is first calibrated to convert the dimensions on the phosphor 
screen to pixels shown on the KSA300 software. The CCD detector is 
rectangular and accordingly the pixel-cm conversion factor in the x-direction 
is different from that in the y-direction.
The camera is installed such that the pattern would appear on the video 
monitor as shown in Fig. D2a. By making the electron beam hit 2 horizontal 
points and calculating the distance between the 2 points in pixels and in cms, 
the pixel-cm conversion factor in the horizontal direction is obtained, as in 
Fig. D2b. In our experiment, 1 cm is equivalent to 68 pixels in the horizontal 
direction. The same procedure is obtained in the vertical direction, as in Fig. 
D2c, 1 cm is equivalent to  84 pixels.
The camera is kept at a  distance -12" from the phosphor screen. Every time 
the camera is installed, the focus should be adjusted according to the exact 
camera-screen distance.
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Figure D l. The image analysis system KSA300 is used to acquire and analyze the RHEED patterns
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(a)
Distance between the 
two spots = 4 cm, 
= 272 pixels 
1 cm = 68 pixels
Distance between the 
two spots = 3 cm, 
= 249 pixels 
1 cm = 83 pixels
(c)
Figure D2. (a) The pattern appears horizontally on the video monitor, (b) 
Calibration in the horizontal direction, (c) Calibration in the vertical 
direction.
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3. KSA 300 Menu
Figure D3 shows the main menu o f the KSA300 software. From the 
acquisition menu, images can be acquired either in the single mode or in the 
multiple mode by adjusting the delay between the scans. The integration 
time o f the acquisition depends on the brightness o f the pattern, and is usually 
between 1 and 30, (30 corresponds to 1 sec). The multiple image mode is 
used to study the RHEED patterns during cesium deposition on the sample, 
during sample reviving by heating, and during sample reviving by hydrogen 
cleaning. The buffer/file display is used to load the image files (file.img). 
The analysis menu includes the row scan analysis, the column scan analysis, 
and the region analysis. The utilities menu is used to select a specific drive 
and a specific directory. The end menu is used to  exit.
Row Scan
Figure D4a shows a RHEED pattern, while Fig. D4b shows a row  scan along 
the (00) streak. The row scan is used to calculate the split peak spacing along 
the (00) streak observed in vicinal surfaces, when the pattern is acquired in 
the out-of-phase diffraction condition. From this spacing, the terrace width 
can be calculated.
Column Scan
Figure D4c shows a column scan across the (00) streak. The column scan is 
used to calculate the string length in vicinal surfaces.
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Figure D4. (a) RHEED pattern, (b) row scan, (c) column scan.
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Instrumental Response
The instrumental response is calculated using the row and column scans 
while the pattern is acquired in the in-phase diffraction condition. FigureDSa 
shows the RHEED pattern in the in-phase condition. Figure D5b shows a 
row scan along the (00) streak, the FWHM gives the instrumental response in 
the direction parallel to the beam. Figure DSc shows a column scan across 
the (00) streak, the FWHM gives the instrumental response perpendicular to 
the beam.
Region Analysis
The region analysis provides information on the average and maximum 
intensities in the RHEED pattern. To calculate the cesium layer thickness on 
the photocathode surface, and to calculate the vacancy density, it is always 
required to calculate the peak and background intensities. The peak intensity 
is calculated using the region analysis at the (00) streak, while the 
background intensity is calculated at 20 pixels above the (00) streak, as 
shown in Fig. D6.
Plotting
Row and column scans are saved as text files (file.txt), then imported to 
"Sigmaplot" for plotting and printing.
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Figure D5. (a) RHEED pattern, (b) row scan, (c) column scan.




Figure D6. The peak intensity (Ip) and the background intensity 
(lb) are used to calculate the surface defects in the form of 
roughness or contaminants.
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4. The pixel-A'1 Conversion in the Direction Perpendicular to the Electron 
Beam, and the Streak Spacing, and String Length Calculations
The streak spacing in reciprocal lattice dimensions (A*1) is calculated using 
the following equation:1 
a*= 2tcW /  XL
where a* is the streak spacing in (A*1), W is the observed streak spacing on 
the screen in cm., and X is the electron wavelength. In our experiment, the 
electron wavelength for 9 keV electrons is 0.1285 A  and L, the sample- 
screen distance is 16 cm. W is estimated using the pixel-cm conversion 
calculated in point 2. Refer to Chapter 3 for the detailed analysis.
The intensity profile across the (00) streak gives information on kinks and 
meanders at the step edge. From Fig. D4a, the FWHM of the (00) streak, in 
the out-of-phase diffraction condition, is 8±1 pixels. From Fig. D5a, the 
FWHM o f the (00) streak, (the instrumental response), is 6.5 pixels. After 
considering the instrumental response, the FWHM =1.5 pixels, 1 cm = 84 
pixels.
FWHM = 0.0178 cm 
X = 0.1285 A  L = 16 cm.
FWHM = 2x (FWHM in cm) /  X L = 0.0524 A'1 
String length = 2tc /  FWHM = 135±31 A
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5. The pixel-A'1 Conversion in the Direction Parallel to the Electron Beam, 
and the Terrace Width Calculations
Figure D7 shows the reciprocal net and the Ewald sphere when the electron 
beam is in the (Oil) direction, o f GaAs(100). OA=OB=Ewald sphere 
radius=48.9 A*1. AD=1.58 A'1, and are calculated from the reciprocal lattice. 
From the geometry, AB which represents the distance between the (00) and 
(11) streaks, or the first Lane ring radius, can be calculated and is equal to 
12.42 A'1. Then the dimensions on the screen are calculated from the 
equation: 
a* = 2 k  w /  X L.
Where X = 0.1285 A for 9 keV electrons, L =16 cm.
Accordingly, the first Lane ring radius is 42 mm, and the streak spacing 
5.35 mm
The terrace width is calculated from the split peak spacing in Fig. D4b, after
subtracting the instrumental response calculated from Fig. D5b. In this case:
The split peak spacing: 28±9.5 pixels
The Instrumental response 15.5 pixels
In the direction parallel to the
beam, split peak spacing 0.192 Â iO.OOS A'1
Instrumental response 0 .106±0.012 A’1
Difference 0.086 A'1
Terrace width 2 it / 0.086 = 73±29 A
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Figure D7. The reciprocal lattice and the Ewald sphere construction when the 
electron beam is in the (Oil) direction, (a) Cross section, (b) Plan view.




1. The Reflection high-energy electron diffraction (RHEED) gun is normally 
operated at 9kV and 2.35 Amps filament current The electron beam current 
is ~1 pA. When turning on the RHEED power supply, make sure that the 
electron beam does not hit the phosphor screen, OTHERWISE, IT MIGHT 
CAUSE A PERMANENT DAMAGE TO THE SCREEN.
2. The electro-pneumatic valve separates the chamber from the turbo pump. To 
open or close it, adjust the air compressor to 60 psi. Disconnect the electrical 
power after closing the valve. If  the valve opens by error, it will break the 
vacuum.
3. The hydrogen and oxygen gas lines should be flushed and baked at 250 °C
while the leak valve is open, when first installed.
4. Operation of the system is performed by starting pumping using the
mechanical and turbo pumps together while the electro-pneumatic valve is 
open. After -2-3 hours, the pressure should drop to the 10-6 Torr range. At 
this pressure, the ion pump can be started, then the electro-pneumatic valve is 
closed within few minutes after operating the ion pump. If the ion pump 
shuts of£ then the system requires more pumping using the mechanical and
turbo pumps. After operating the ion pump, the system is pumped for 2
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hours until it reaches low 10'7 Torr. At this pressure, the bakeout procedure 
is started.
5. The system is normally baked for -36-48 hours to achieve ultrahigh vacuum. 
10 infrared lamps are distributed around the chamber to provide uniform 
heating for the chamber. During the bakeout, the sample is kept at -400 °C 
to avoid contamination, the hydrogen cracker power supply is kept at 10 
Amps., the cesium source current is kept at 3 Amps., the titanium sublimation 
pump current is kept at 25 Amps. It is preferable not to bake the leak valves, 
since they might require stop point adjustment after the bake.
6. After the bakeout, the titanium is evaporated at -52  Amps for -  2 minutes. 
After 6-7 hours, the pressure should drop to < 5xlO'10 Torr. Always measure 
the pressure using an ion gauge and do not count on the ion pump controller 
measurement.
7. Keep the pressure in the oxygen and hydrogen lines at 30 psi, and check this 
value frequently to make sure that there are no leaks in the line.
8. The photocurrent measurement circuit is shown in Fig. E l. The sample 
holder is attached to the manipulator through a ceramic rod to avoid any 
leakage current. This circuit uses either the battery box (65 V), or the HP 
Harrison 6515 A high voltage power supply.
9. The Kerthley1 picoammeter is used either in the auto mode or by the selecting 
a specific current range. The picoammeter allows to store up to 100 readings 
taken at time intervals ranging from 3 readings per second to 1 reading per
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hour, or 1 reading every time STO button is pressed. Data storage is 
performed as follows:
Press and hold the STO/CLR button. The following reading rates will scroll
on the display, release the STO/CLR button when the desired reading rate is
displayed:
r = 0 (3 rdg /  sec) 
r = 1 (1 rdg / sec) 
r = 2 (1 rdg/lOsec) 
r = 3 (1 rdg/min) 
r = 4 (1 rdg/10 min) 
r = 5 (1 rdg/hr)
r = 6 (1 rdg every time STO button is pressed)
To retrieve the data:
Press and hold the RCL button. The display will scroll the data points and 
the minimum and maximum points. Release the RCL button at the desired 
data point. See page 2-6 o f the manual for details.
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Ion pumps and ion 
pump controller





Themionics John Mcginn 22815 Sutro St/P.O. Box 3711 
Hayward, CA 94540
800-962-2310 360-385-6617
GaAs wafers Laser Diode ------------------ 205 Liberty Street, Metuchen, NJ 08840 908-549-9222 908-549-9897
InP wafers Crystacomm George Antypass 1599 North Shoreline Blvd., Mountain View, 
CA 94043-1313
415-961-4311 415-9614364
Sapphire substrates Union Carbide Diane Unvenicht 750 South 32nd Street, Washougal, WA 98671 360-835-2001 360-835-9848




R.D. Mathis R. Lumley 2840 Gundry Avenue, Long Beach, CA 90806 310-426-7049 310-595-0907
Cesium sources SAES Getters Michael Ferris 1122 E. Cheyenne Mtn. Blvd. Colorado 
Springs, CO 80906
719-576-3200 719-576-5025
Gases for excimer Spectra Gases Rebecca Stoehr 277 Coit Street, Irvington, NJ 07111 973-372-2060 973-372-8551
Hydrogen, Oxygen, 
Argon


















Spare filaments for 
RHEED gun






K-Space Darrell 2231 Stone Drive, Ann Arbor, MI 48105 313-668-4644 313-668-4663
Excimer mirrors Acton Research 525 Main Street/ P.O. Box 2215, Acton, MA 
01720
978-263-3584 978-263-5086
Excimer lenses Newport Anita Rivera 1791 Deere Avenue, Irvine, CA 92606 800-222-6440 714-253-1800
Vacuum
Components
Pfeiifer Vacuum 24 Trafalgar Square, Nashua, NH 03063 603-578-6584 603-578-6550
DC Power supplies Leader ------------------ 380 Oser Avenue, Hauppauge, NY 11788-3694 800-645-5104
Optical mounts Thorlabs P.O. Box 366, Newton, NJ 07860-1453 201-579-7227 201-383-8406
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